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Abstract
Efforts have been devoted to understanding the upgrading of plant-based biomass waste into useful
chemicals to replace the current petrochemical production. An extensive amount of work has been
accomplished in the past few decades but there are still many uncertainties. The transformation of
furanic compounds, which present a major fraction in lignocellulosic biomass, is one of them. Furans are
important solvent molecules in industry, and they are also critical feedstock to produce other valuable
chemicals. The work in this dissertation mainly focused on bridging the gap between different chemistry
for a complete industrial production process. Two reactions that I have extensively studied were the
acylation of furans and the dehydra-decyclization of cyclic ethers to corresponding conjugated dienes.
Selective Friedel-Crafts acylation of furans to a type of alkyl furan ketone molecules is very useful for
increasing the molecular weight of biomass in a controlled manner, and product from this reaction can be
applied in many fields. The acylation reaction was classically performed with acid anhydride or chloride,
using strong Lewis acids as catalysts (such as AlCl3) through homogeneous reactions. To enhance the
reaction efficiency and reduce separation cost, I used non-branched long-chain carboxylic acids as
acylation agent and Brønsted acidic zeolites as catalyst. A proper reaction condition was demonstrated
for the direct acylation reaction, and solvent was found to play an important role during reaction, which
can be utilized for further reaction performance improvement. The second reaction is to produce
conjugated dienes from cyclic ethers, and it also has been studied over various Brønsted zeolitic
materials. Conjugated dienes are the backbone monomers in synthetic rubber production. Previous works
on zeolites have either low selectivity to desired conjugated diene products or low reaction rates, and
having protons as active sites, oligomerization of unsaturated hydrocarbons was another big issue. In my
work, ZrO2 was identified to be a promising catalyst to produce C4~C5 conjugated dienes from
corresponding cyclic ethers at quantitative conversion. ZrO2 has shown a significant performance
compared to other common-seen Lewis acids, and possible reaction mechanism on ZrO2 was tabulated
for further catalyst improvement.
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ABSTRACT
SELECTIVE CATALYTIC REACTIONS FOR TAKING FURAN-BASED
COMPOUNDS TO USEFUL CHEMICALS
Yichen Ji
Raymond J. Gorte
Efforts have been devoted to understanding the upgrading of plant-based biomass
waste into useful chemicals to replace the current petrochemical production. An extensive
amount of work has been accomplished in the past few decades but there are still many
uncertainties. The transformation of furanic compounds, which present a major fraction in
lignocellulosic biomass, is one of them. Furans are important solvent molecules in industry,
and they are also critical feedstock to produce other valuable chemicals. The work in this
dissertation mainly focused on bridging the gap between different chemistry for a complete
industrial production process. Two reactions that I have extensively studied were the
acylation of furans and the dehydra-decyclization of cyclic ethers to corresponding
conjugated dienes. Selective Friedel-Crafts acylation of furans to a type of alkyl furan
ketone molecules is very useful for increasing the molecular weight of biomass in a
controlled manner, and product from this reaction can be applied in many fields. The
acylation reaction was classically performed with acid anhydride or chloride, using strong
Lewis acids as catalysts (such as AlCl3) through homogeneous reactions. To enhance the
reaction efficiency and reduce separation cost, I used non-branched long-chain carboxylic
acids as acylation agent and Brønsted acidic zeolites as catalyst. A proper reaction
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condition was demonstrated for the direct acylation reaction, and solvent was found to play
an important role during reaction, which can be utilized for further reaction performance
improvement. The second reaction is to produce conjugated dienes from cyclic ethers, and
it also has been studied over various Brønsted zeolitic materials. Conjugated dienes are the
backbone monomers in synthetic rubber production. Previous works on zeolites have either
low selectivity to desired conjugated diene products or low reaction rates, and having
protons as active sites, oligomerization of unsaturated hydrocarbons was another big issue.
In my work, ZrO2 was identified to be a promising catalyst to produce C4~C5 conjugated
dienes from corresponding cyclic ethers at quantitative conversion. ZrO2 has shown a
significant performance compared to other common-seen Lewis acids, and possible
reaction mechanism on ZrO2 was tabulated for further catalyst improvement.
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INTRODUCTION
The goal of this chapter is to provide a general background of my Ph.D. thesis work.

1.1 Motivation
1.1.1

Biomass Waste -- A Promising Resource
Petroleum has been used as the major source for energy and chemical production

in industry for over one century.[1, 2] According to the U.S. Energy Information
Administration (EIA), more than 80% of global energy and chemicals are being produced
from petroleum-based resources currently, primarily crude oil or nature gas (data collected
by October 2021).[3] With the explosively increasing demand for these products, the
excessive reliance on petroleum-based resources has put a heavy burden on both the
environment and our economy. Therefore, significant effort has been devoted to exploring
different resources as substitutes for the purpose of achieving sustainability. Some
possibilities include the use of solar[4] or wind[5] for energy production and chemicals
from biomass waste[6-10].
Biomass is a renewable, plant-based resource that is abundant in our everyday lives,
but most of it was just being burnt or buried without any processing in the past. This is both
a great loss of energy and non-eco-friendly. Fortunately, the focus on to utilize these
biomass waste has gained more momentum since 2004, when the U.S. Department of
Energy (DOE) released a list of 12 economically valuable biomass-based platform
molecules.[11] But the progress has been slow. According to the 2016 Billion-Ton Report
by the DOE, there were about 1 billion dry tons of biomass waste produced in 2016.[12]
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In principle, this could be converted to about 25% of the country’s total energy needs in
the same year, but the actual ratio is below 3%; and the amount of biomass waste has been
growing by 10-15% annually.[12] In 2021, the current contribution from biomass waste to
the U.S. total energy consumption is only around 5% (EIA, October 2021), and the fraction
is even lower worldwide.[3]
1.1.2

Primary Upgrading of Lignocellulosic Biomass
Among the various bountiful biomass wastes, lignocellulose is one of the most

promising resource substitutions.[7, 10, 13, 14] As shown in Figure 1.1, on the molecular
level, the building blocks of lignocellulose contain abundant valuable chemical structures
that can be further upgraded to the “platform molecules”.[15] For example, linear
structured cellulose predominantly consists of glucose units, while hemicellulose consists
of a variety of pentose and hexose units that result in a more complex structure.[10, 16, 17]
The building blocks of lignin consist mainly of phenolic alcohol molecules, such as sinapyl
alcohol and coniferyl alcohol.[18] Unlike other biomass resources, such as starch or corn,
lignocellulose molecules are mostly derived from non-edible plants.
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Figure 1.1 Structure of lignocellulosic biomass with cellulose, hemicellulose, and lignin
represented (adapted from [15]).

A great deal of work has been done to develop techniques for the primary upgrading
of lignocellulosic molecules, and it can be classified into three categories: gasification,
pyrolysis, and hydrolysis (Figure 1.2).[9] Gasification is a relatively brute force pathway
in which the large lignocellulosic molecules are directly broken down into syngas (CO +
H2) and then reassembled into desired products, such as long-chain alkanes and
methanol.[19, 20] The advantage of gasification is that it requires few pretreatments for the
feedstock, and the process is relatively simple.[19] However, the products that can be
derived from syngas are limited and are often through non-selective production. The other
two processing techniques are more selective, and they mainly focus on thermal
degradation (pyrolysis) and catalytic process (hydrolysis).[9] Pyrolysis usually involves
fast thermal decomposition to avoid undesired products from excessive decomposition. Its
products include a wide range of bio-oils, such as aromatics and alcohols, which require
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further separation and a refinery process for value-added target products.[18, 21] A typical
example of pyrolysis is to decompose lignocellulosic molecules around 773 K with a 1000
K/s ramping rate for ~1 s residence time.[18] This allows a maximum yield of up to 95%
of the liquid components in products. Similar final products can be derived from sugars,
which are hydrolysis products from lignocellulose in a more controlled way.[22, 23] Sugars,
such as pentose and hexose, can also undergo fermentation to produce alcohols or
carboxylic acids.[22, 24]

Figure 1.2 Current dominant processing techniques for primary lignocellulosic biomass upgrading
(summarized from [9]).

Even though significant progress has been made in biomass upgrading over the past
decades, not all laboratory successes are being applied in the real world because of different
limitations. For example, hydrolysis and most of its downstream processes are acidic
catalyzed by using either Brønsted or Lewis acidic catalysts, but with the unsaturated
hydrocarbons in the production process, oligomerization has been the main cause for
catalyst deactivation.[25] The oxygen atoms in some oxygen-rich molecules can also result
4

in unstable functional groups that make the reaction too active.[26, 27] Therefore, the goal
of my Ph.D. work is to identify some of these issues, tailor these molecules as desired, and
demonstrate their proper production conditions.
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1.2 Background
1.2.1

Biomass-based Conversion of Furan-structured Molecules
Furans are important solvent molecules in industry, and having a pair of conjugated

double bonds linked by an oxygen atom in a ring structure, they are potential for being
transformed to other products.[28-30] As an important type of molecules that appeared in
both editions of platform molecule lists, the upgrading of furans has been extensively
studied. In the past, furan was derived mainly from the partial oxidation of 1,3-butadiene
(1,3-BD)[28], which is still being derived as a side product in naphtha cracking for
ethylene[31, 32], by using a copper catalyst. In recent years, industrial production of furans
has leveraged to a biomass-based process. For example, the lignocellulosic molecules are
first hydrolyzed to pentose, such as xylose[23], and the C5 sugar then undergoes acid
hydrolysis to form furfural[33, 34], which can be transformed to furan through
decarbonylation on a Pd catalyst in industry[35]. Other furan-structured molecules also can
be derived in a similar and controlled manner.[28-30] The derived furans can be further
converted to a variety of desired downstream products.[36] Figure 1.3 shows some of the
catalytic pathways that start from the C5 sugar to the final products through a furan-based
pathway. Similar chemistry can be applied to C6 sugar, but it is beyond the scope of this
work. However, even though a great amount has been accomplished in this field, there is
still a lot of uncertainty that requires further investigation.
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Figure 1.3 Catalytic upgrading pathways for the conversion of biomass derived xylose to final
products through furan-based chemistry.

1.2.2

Deriving the Next-generation Surfactant Molecules from Direct Acylation of
Furans with Long-chain Carboxylic Acids
A surfactant is a surface-active chemical that has been used mainly for cleansing

purposes, and the functionality of surfactant results from its amphiphilic properties. A
surfactant molecule always consists of a hydrophilic head that is attracted to water and a
hydrophobic tail, which is usually a long alkane group that aggregates as micelle in the oil
phase.[37] With this structure, oil-phase contamination can be effectively washed off by
using surfactant. Industrially produced surfactants can be traced back more than 100 years,
and with the increasing need for both more complex functionality and eco-sustainability, a
type of linear alkyl benzene sulfonate (LAS) surfactant has become the dominant product
in the current market.[37, 38] The basic structure of the LAS molecule is shown in Figure
1.4(a). A benzene molecule appears as a linker that binds the hydrophilic (a sulfonate)
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group and the hydrophobic (usually a long-branched or non-branched alkane chain) group.
The LAS surfactant is much easier to degrade in nature compared to the first-generation
surfactants, and its properties can be easily tuned with different additives.[39, 40] However,
regardless of its current popularity, there are many significant disadvantages to the LAS
surfactant. First, the property of the LAS surfactant is adjusted by add-ins, such as chelating
agents or water softeners. However, these add-ins can also bind with ions such as Ca2+ or
Mg2+, so their tolerance for hard water is not desirable.[41, 42] Second, natural degradation
of the branched LAS molecules is still not easy. Third, current production of this alkyl
benzene molecule in industry is mainly through a non-selective alkylation process, which
adds separation cost, and the feedstock of this production is petroleum-based, which is
unsustainable.[43, 44]

Figure 1.4 The structure of (a) alkyl benzene sulfonate (LAS) (b) oleo furan sulfonate (OFS)
molecules.

A recent work by Dauenhauer and his fellows has shown that a type of oleo-furan
sulfonate (OFS) molecule might be able to resolve these issues.[41] The OFS molecule has
a similar structure to the LAS molecule. The difference is that the linker is switched from
benzene to furan and a non-branched aldehydic group is used as the hydrophobic tail, as
shown in Figure 1.4(b). The OFS surfactant has shown much better detergency properties
than the current LAS surfactant in Dauenhauer’s work, which is hypothesized to be
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attributed to the polarity from both furan linker and aldehydic tail.[41] For example, an
“OFS-12” surfactant, which uses a dodecyl tail and has no add-ins, has shown a much
lower critical micelle concentration (CMC, the lowest concentration of micelle for
surfactant to function) and micelle stability than the current LAS surfactant. Since the
detergency property has already been improved, extra add-ins in the OFS surfactant are
therefore unnecessary, resulting in improved hard-water tolerance. The aldehydic
hydrophobic tail in OFS surfactant also benefits in a better natural degradability.[45]
Besides the improved biodegradability and hard-water tolerance, the OFS structure
can be derived through a more selective synthetic process, Friedel–Crafts acylation.[46]
And also importantly, the main feedstock can be derived from biomass waste, as discussed.
However, previous work on the synthesis of the OFS structure focused mainly on using
carboxylic acid anhydride or acyl chloride as the acylation agent, as shown in Figure 1.5(a)
and Figure 1.5(b).[47-49] Corresponding carboxylic acids were often produced as side
products, making this production process neither eco-friendly nor efficient. Besides the
side products, homogenous Lewis catalysts were used in these reactions, such as AlCl3,
and they require extra separation processes, which adds to the cost.[50]
To further improve the synthesis process, long-chain carboxylic acid was proposed
as the acylation agent in my work, and Friedel–Crafts acylation with carboxylic acid was
referred to as direct acylation. In the direct acylation, only water is produced as a side
product, and it can be readily separated (Figure 1.5(c)). Long-chain carboxylic acid, such
as dodecanoic acid, can be either derived directly from natural sources, such as coconut or
palm trees[51], or through biomass-based industrial processes via fermentation[22, 24].
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Besides changing the feedstock, heterogeneous catalysts, such as zeolites, were also
adapted to increase separation efficiency and reduce cost. Zeolites are a type of structured
material that can create different reactions by varying the porous structure or changing
components. Many of them have relatively high surface and low production cost, which
makes them suitable for the real production process.

Figure 1.5 Reaction scheme of direct/indirect acylation of furan with (a) acid anhydride (b) acyl
chloride (c) carboxylic acid.

Many publications have already studied similar types of reactions. For example,
Pandey and Singh have studied the direct acylation of toluene with acetic acid on H-ZSM5 at 548 K with ~65% yield to the desired acetophenone.[52, 53] In 2016, Crossley and coworkers reported the feasibility of direct acylation of furan with acetic acid on the same
material.[54] However, little work that related to direct acylation of furans with long-chain
carboxylic acids has been reported in the past. Most of the published works focused either
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on using petroleum-based benzene compounds or short-chain acids that cannot provide an
effective hydrophobic tail for the OFS surfactant. Moreover, many questions still must be
answered before the process can be applied in industry, such as the oligomerization of
furans on Brønsted acidic zeolites, which have been widely observed.[25, 47] Therefore,
as a part of my Ph.D. work, I conducted a study of the direct acylation of furans with
carboxylic acids, and I took advantage of zeolite by using H-ZSM-5 (Si/Al = 50) as a
catalyst. The work began by studying the short-chain acid acylation, and it progressed to
dodecanoic acid to achieve the best detergency properties demonstrated in Dauenhauer’s
work.
1.2.3

Deriving Conjugated Dienes from Biomass-upgraded Cyclic Ethers
One other promising upgrading process is to derive conjugated dienes from their

corresponding cyclic ethers (hydrogenated furans). Conjugated dienes are a type of
molecules that contain a unique structure with two double bonds and a single bond in the
middle. Some conjugated dienes play important roles as the key monomers in the polymer
industry.[55-59] Figure 1.6 shows some of the most valuable C4 ~ C5 conjugated dienes
and their applications. For example, 1,3-butadiene (1,3-BD) has been used to name a
variety of synthetic rubbers in which it serves as the skeleton monomer.[60] Piperylene
(cis/trans-1,3-pentadiene, 1,3-PD) is mainly used as an additive to enhance the strength and
toughness of a wide range of plastics, adhesives, and resins.[61] And serving as a main
skeleton monomer in car tire production, isoprene (2-methyl-1,3-butadiene) is even more
valuable.[55, 57, 62] However, these conjugated dienes are currently being produced
mainly as side products from naphtha cracking for ethylene, which are neither sustainable
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nor efficient.[32, 63] In addition, with the shift to derive ethylene from shale gas as a
cheaper resource substitution[27], production for conjugated dienes has been steadily
declining in recent years[64], while the demand keeps growing. Therefore, on-purpose
production for these conjugated dienes becomes necessary.

Figure 1.6 Most valuable C4 ~ C5 conjugated dienes and their major applications.

One renewable way to derive these desired conjugated diene molecules is to
selectively dehydrate the corresponding cyclic ethers via a dehydra-decyclization pathway.
The feedstocks used in this production process are structure-related C4 ~ C5 cyclic ethers,
i.e.,

tetrahydrofuran

(THF),

2-methyltetrahydrofuran

(2-MTHF),

or

3-

methyltetrahydrofuran (3-MTHF). These cyclic ethers are currently being derived from
biomass waste. In industry, THF can be produced from the acid-catalyzed dehydration of
1,4-butanediol[65, 66] or partial oxidation of n-butane to maleic anhydride first, followed
by catalytic hydrogenation[67]. Both 1,4-butanediol and n-butane can be derived from
pyrolysis or hydrolysis of biomass feedstock. Another pathway to derive THF—the
selective decarbonylation and hydrogenation of furfural on a Pd catalyst—also has been
established, but this method is not widely practiced.[35] 2-MTHF can be produced by first
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hydrogenating levulinic acid to 4-hydroxypentanoic acid (HPA), followed by further
dehydration and hydrogenation to form the desired cyclic ether.[68, 69] The production of
3-MTHF is more complex. Itaconic acid or mesaconic acid is derived through a 3-step
glucose fermentation pathway from biomass feedstock.[70, 71] Either acid is then
hydrogenated to 2-methyl-1,4-butanediol[72], followed by selective dehydration to form
3-MTHF[56]. Figure 1.7 is a summary of the described reaction pathways.

Figure 1.7 Reaction scheme of lignocellulose upgrading to conjugated dienes via cyclic etherrelated pathways.

However, studies on the downstream dehydra-decyclization reaction from cyclic
ethers to conjugated dienes are limited, and most reported work has focused on using
Brønsted catalysts, such as zeolites. With unsaturated hydrocarbons as products,
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oligomerization was easy; hence, the reactions deactivated very quickly. Besides catalyst
deactivation, selectivities to conjugated dienes in these studies also were undesirable. For
example, Dumesic and co-workers have reported ~70% selectivity to pentadienes from 2MTHF over amorphous silica alumina, but the ratio of 1,3-pentadiene (1,3-PD) to 1,4pentadiene (1,4-PD) was only around 4 at the reaction condition.[73] The low ratio of the
desired conjugated diene to its isomer presented additional challenges for the purification
process and raises the cost. Recently, Abdelrahman and Dauenhauer separately reported
single-atom-improved zeolites that greatly improved the selectivity to conjugated dienes
in such ring-opening reactions. Abdelrahman et al. have used a phosphoric acidimpregnated self-pillared pentasil (P-SPP) to achieve >85% selectivity from THF to 1,3butadiene[63] and ~70% from 3-MTHF to isoprene (however, there were still ~20%
pentadienes from 3-MTHF)[56]. Dauenhauer’s group has successfully increased the ratio
of 1,3-PD/1,4-PD to ~20 by using a borosilicate (H-[B]ZSM-5) catalyst in 2-MTHF
dehydra-decyclization at near quantitative conversion in a relatively low space velocity.[74]
The adoption of these single-atom-improved zeolites has significantly increased the
selectivity to conjugated diene products and slowed down the deactivation rates because of
their weaker Brønsted acidity. However, the weak Brønsted acidity on these new materials
has also led to an undesirable reaction rate as a side effect.
Compared with Brønsted catalyst, the metal oxide catalyst with Lewis acidity has
been underrated. Satoshi Sato has done a tremendous amount of work in upgrading
biomass-based diols to conjugated diene molecules on a variety of metal oxides, and cyclic
ethers have been reported as intermediates through ring-closure chemistry.[75-80] High
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selectivity to the desired diene products was found in ZrO2 and Sc2O3 for some diols at
promising reaction rates, but these metal oxides have never been studied in cyclic ether
upgrading to conjugated diene. In my Ph.D. work, I evaluated the dehydra-decyclization
reaction of cyclic ethers on some of the promising metal oxides, and ZrO2 was found to
have the best reaction performance. A further investigation of the reaction mechanism on
the Lewis catalyst also was tabulated to identify possible rules for future catalyst design.
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1.3 Thesis Scope and Objectives
This dissertation consists of eight chapters, including this introduction. CHAPTER
2 provides a detailed description of the research apparatuses that have been used in my
Ph.D. work. Experimental methods for catalyst synthesis, characterization, and catalytic
measurement also are provided in that chapter.
CHAPTER 3 and CHAPTER 4 focus on the direct acylation of furans with longchain carboxylic acids over H-ZSM-5. The direct acylation of furans (furan and 2-MF)
with acetic acid (AA) is studied first in CHAPTER 3 to gain a general concept of this type
of reaction. The adsorption study of unary component suggested that furans can easily
oligomerize on the Brønsted sites even at room temperature, while AA can undergo
ketonization as a competitive reaction above 523 K that should be avoided. The activity of
both furans and AA suggested that the reactions are equilibrium limited, and a similar result
was obtained by studying the direct acylation of 2-MF with hexanoic acid (HA).
CHAPTER 4 studies the direct acylation with long-chain carboxylic acids. To
direct acylate furans with dodecanoic acid (DA), the product from which can have the best
detergency properties, is my goal. The reaction of 2-MF with nonanoic acid (NA) or DA
showed similar results as with AA or HA. However, a significant solvent effect was
observed in the long-chain acid acylation that the reaction was more favorable in a solvent
that had a similar molecular size as the acid. For example, the direct acylation of 2-MF and
DA showed the highest yield in dodecane compared from hexane to hexadecane. A further
understanding of the solvent effect is discussed in this chapter by comparing the
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experimental data with a published simulation work. The results showed that direct
acylation with long-chain acid was greatly manipulated by the competitive adsorption of
feedstock, and this was affected by molecular size, hydrogen bonding, and molecular
topology of both reactants and solvent.
CHAPTER 5 to CHAPTER 7 focus on the production of conjugated dienes from
corresponding cyclic ethers. In the initial work described in CHAPTER 5, efforts were
first devoted to using a moderate Brønsted acidic WOx/ZrO2 catalyst for the highest yield
of THF to 1,3-butadiene(1,3-BD). However, the support ZrO2 was found to obtain the best
performance among all the commonly used Brønsted and Lewis acidic catalysts. Moreover,
ZrO2 also showed promising stability for industrial purposes. Regarding the widely studied
Brønsted catalysts, ZrO2 had much slower deactivation during reaction. The deactivation
on ZrO2 was mainly caused by the adsorption of carbon oxides that formed as side products
from a retro-Prins condensation, and the spent catalyst can be easily regenerated by
calcination at a higher temperature.
CHAPTER 6 studies the production of C5 conjugated dienes from their
corresponding cyclic ethers (2-MTHF, 3-MTHF, tetrahydropyran (THP)), and ZrO2 was
again found to be the optimum catalyst. Unlike reaction on THF, C5 cyclic ethers can
produce various pentadiene isomers. But what is interesting is that the ratio of the desired
conjugated diene to the undesired non-conjugated isomer is almost one order of magnitude
higher on ZrO2 than on the other catalysts for each cyclic ether. A detailed mechanistic
study was performed both experimentally and computationally to understand why ZrO2 is
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unique. The results suggested that the different product distribution might occur because
the catalysts use different reaction pathways.
The work in CHAPTER 7 treats the sites on ZrO2 that are responsible for the high
selectivity to the desired conjugated diene product. Bulk ZrO2 was intentionally poisoned
with various amounts of sodium, and the catalytic activity of each poisoned sample was
measured with different probe molecules. By comparing the relative dehydration rate and
product distribution from the two cyclic ethers and possible “intermediate” alkenols, it was
found that the different Zr-O bonds with various bond lengths functionalized differently.
Besides identifying the active sites, work to improve the catalyst stability by using atomic
layer deposition (ALD) also was introduced in this chapter.
Finally, CHAPTER 8 summarizes the key findings in my Ph.D. work.
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EXPERIMENTAL METHODS
The goal of this chapter is to describe the research apparatus and experimental methods
that were adopted in my thesis work. This chapter is consisted of three sections: catalyst
synthesis, characterization techniques and catalytic measurement.

2.1 Catalyst Synthesis
2.1.1

Zeolite Preparation
Both H-ZSM-5 and H-BEA zeolites were adopted in my research, and they were

obtained from Zeolyst (ZSM-5: CBV5524G, SiO2/Al2O3 =50; BEA: CP814C, SiO2/Al2O3
= 38). Both were in the ammonium-ion form as received and converted to the acidic form
by heating in dry, flowing air at 823 K for 6 h. Brønsted acidic site density of each material
was determined by the Hoffman elimination of isopropylamine by forming propene and
ammonia on a home-built Temperature Programmed Desorption – Thermal Gravimetrical
Analysis (TPD-TGA) setup. The results are shown in Figure 2.1. The Brønsted acidic site
density of H-ZSM-5 and H-BEA are ~500 μmol/g and ~400 μmol/g, respectively. A purely
siliceous MFI zeolite with no Brønsted acidity, Si-ZSM-5, also described in previous
papers as “ZSM-5(F, Si)” [81], was used for some adsorption studies for the purpose to
confirm the effect of Brønsted sites on adsorption.
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Figure 2.1 Temperature Programmed Desorption – Thermal Gravimetrical Analysis (TPD-TGA)
of isopropylamine on (a) H-ZSM-5 (b) H-BEA. The TPD peaks correspond to isopropylamine (m/e
= 44), propene (m/e = 41), ammonia (m/e = 17).

2.1.2

Bulk Metal Oxides Synthesis
A variety of bulk metal oxides were also synthesized and study in my work. ZrO2

was synthesized by dissolving 1 gram of zirconium oxynitrate hydrate (ZrO(NO3)2·xH2O,
99%, Sigma Aldrich) in 10 mL deionized water first, after which the solution was dried
statically in oven at 333 K overnight and then calcined in air at either 673 K for 5 h or 1173
K for 3 h to produce primarily tetragonal or monoclinic form, respectively. CeO2 and
Nb2O5 were synthesized from cerium (III) nitrate hexahydrate (Ce(NO3)2·6H2O, 99.5%,
ACROS organics) and niobium(V) oxalate hydrate (Alfa Aesar), respectively. 1 gram of
each salt was dissolved in 10 mL of deionized water and dried at 333 K for 12 h, then the
dried solution was calcined at 873 K for 3 h for getting CeO2 and 923 K for 3 h for getting
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Nb2O5. TiO2 was directly used as received (AEROXIDE, TiO2, P25). Al2O3 was purchased
from Strem Chemicals (γ-Al2O3, min. 97%, Strem Chemicals), but it was calcined at 1173
K for 24 h before use. The structure of each synthesized oxide and their surface area were
examined on a commercial X-Ray Diffraction (XRD) apparatus and a home-built
Brunauer−Emmett−Teller (BET) setup, respectively. The XRD pattern of each synthesized
metal oxide is shown in Figure 2.2 with surface area labeled correspondingly.

Figure 2.2 XRD patterns of (a) ZrO2, peaks marked with (*) stand for tetragonal zirconia and peaks
marked with (°) stand for monoclinic zirconia (b) I: Al2O3 II: TiO2 III: Nb2O5 IV: CeO2. The surface
area of each catalyst is labeled correspondingly.

2.1.3

Atomic Layer Deposition (ALD)
Atomic layer deposition (ALD) is a well applied technique for thin film fabrication

in the semiconductor industry. The growth rate of thin film in ALD process is usually slow
with ~0.01 to 0.1 nm per ALD cycle, which allows a steady growth of a uniformed layer.[82,
83] Besides the controllable synthesis process, the ALD thin films have been demonstrated
to obtain outstanding thermal stability that enables both investigation in research and good
performance in real productions.[84] Figure 2.3 shows the principle about how an ALD
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process is performed. Typically, in one ALD cycle, precursor of the desired element is
gasified first to be introduced on to a pretreated support for adsorption; extra precursor and
reaction products are then purged under vacuum; oxidant (mostly is air or humidified air)
is introduced to the support for ligand removal, resulting a thin layer of desired film;
reaction products from ligand removal are purged, and get ready for the next ALD cycle.

Figure 2.3 Schematic of one ALD cycle in a pore structure. (a) introduction of precursor molecules
for adsorption on substrate; (b) purge of the unreacted precursor molecules and reaction products;
(c) introduction of ligand removal reactants to react with the adsorbed precursor molecules; (d)
purge of the excess reactants and reaction products. This schematic is an example of an ideal ALD
process for TiO2 deposition using the TiCl4/H2O system. Reprinted with permission from [85].

Considering the ALD process on some of the porous supports, commercially used
ALD instrument that performed in a flow system with inert gas to deliver the precursors is
less useful in my study, hence the ALD in my work was performed on a home-built setup
where precursors are introduced by pressure gradient under vacuum, as shown in Figure
2.4. The previous described ALD cycles are mainly accomplished by the action of different
valves. Two different ALD processes that depend on the precursor properties have been
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used in my study, referred as “dosing” and “sublimation” methods, and two detailed
examples are given to illustrate their differences.

Figure 2.4 Schematic plot for home-built atomic layer deposition (ALD) setup. Reprinted with
permission from [86].

Generally, ALD with precursors that have higher vapor pressure or need low
calcination temperature (≤ 523 K) uses the “dosing” method. For example, a WOx/ZrO2
catalyst was synthesized using this method. Initially, ~ 300 mg ZrO2 support and enough
tungsten precursor (tungsten carbonyl, W(CO)6) were loaded in different vials that placed
in different furnaces. Both vials were preheated to 403 K under vacuum to get rid of
adsorbed impurities. Temperature in the precursor vial was then ramped to 473 K under
vacuum to produce enough vapor. The ZrO2 support was then exposed to the precursor
vapor at 473 K for 3 min, followed by a 5-min vacuum to purge extra precursor and reaction
products. Excess air was then introduced to the support vial at 493 K for 6 min to form the
desired WOx layer on ZrO2.
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In contrast, ALD with precursors that have lower vapor pressure or need high
calcination temperature uses the “sublimation” method, for instance, a ZrO2/ZrO2 in my
study. Initially, ~ 300 mg ZrO2 support was first pretreated at 403 K for 5 min under
vacuum, enough zirconium precursor (Zr(TMHD)4) was then placed below the support that
separated by glass wool in the same vial. Temperature of the vial was ramped to 503 K for
5 min for precursor adsorption. Extra precursor was then purged under vacuum and the
precursor-adsorbed ZrO2 support was transferred to a muffle furnace for calcination at 773
K for 5 min to form the desired ZrO2 thin layer.
The described processes are typical ALD cycles for each method, and they were
repeated until desired coverage was obtained.
2.1.4

Bulk Metal Oxides Poisoning
For the purpose to identify active sites in some study, catalyst was intentionally

poisoned with sodium impurities. Typically, ~ 1g fresh catalyst was pretreated in a 500 mL
aqueous NH4NO3 solution with 1 M concentration by continuous stirring at 353 K for 6 h,
followed by flushing with 500 mL de-ionized water for at least 3 times until pH value
measured to 7. The catalyst was then dried at 353 K overnight and weighted. This process
is to reduce the uncertain amount of contamination on the fresh catalyst. Pre-calculated
amount of sodium impurity was then introduced into the pretreated catalyst by
impregnation of NaNO3, followed by drying at 353 K overnight again and calcination at
673 K for 2 h before use.
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2.2 Characterization Methods
2.2.1

Temperature Programmed Desorption-Thermal Gravimetrical Analysis
(TPD-TGA)
Temperature programmed desorption-thermal gravimetrical analysis (TPD-TGA)

was performed on a home-built TPD-TGA setup, as shown in Figure 2.5. The principle of
this technique is to characterize a solid sample by a hypothesized near-monolayer reaction
from adsorbed probe molecules. In a typical experiment, 20 ~ 50 mg sample was placed in
a sample holder for pretreatment at 823 K (or desired temperature, 10 K/min ramping rate)
under vacuum first. After being hold at pretreatment temperature for 10 min, the sample
was cooled down to room temperature for adsorption of desired probe molecules at 10 torr
exposures till saturation. Weakly adsorbed probe molecules were purged under vacuum by
a mechanical pump first, followed by a turbo pump until no obvious weight change from
the microbalance. Temperature at the sample holder was then ramped to 823 K (or desired
temperature) at 10 K/min to desorb unreacted probe molecules as well as activate reactions.
What come off from the sample at each temperature and their amount were recorded by a
residue gas analyzer (RGA 100, SRS) and a microbalance (model 2000, CAHN) at the
same time. The information was analyzed for identification of possible reactions for further
understanding of the sample.
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Figure 2.5 Schematic plot for home-built TPD-TGA setup.

Isopropylamine and isopropanol were the two mostly used probe molecules in my
research for identification of acidic sties on solid catalysts. Isopropylamine can undergo
Hoffman-elimination to produce propene and ammonia by the decomposition of
stoichiometrically adsorbed alkyl-ammonium complex on the Brønsted sites, and the
Brønsted acidic site density can be interpreted from corresponding TGA signal.
Isopropanol undergoes dehydration by producing propene and water on both Brønsted and
Lewis acidic sites. The Lewis acidic site density can be identified by taking the difference
between the total acidic site density from isopropanol-TPD and the Brønsted acidic site
density from isopropylamine-TPD. Besides isopropylamine and isopropanol, other probe
molecules were also used for different purposes.
2.2.2

X-ray Diffraction (XRD)
Powder X-ray Diffraction (XRD) was utilized for the phase identification of

synthesized metal oxide catalysts. The bulk catalysts were first smashed into fine powder
and drop-casted onto a glass slide in an isopropanol solution. The XRD pattern was
recorded on a Rigaku Smartlab diffractometer or a Rigaku MiniFlex diffractometer, both
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of which were equipped with a Cu Kα source (λ = 0.15416 nm). The scanning rate was
controlled at 10˚/min and most patterns were collected between 2θ from 20˚ to 60˚.
2.2.3

Surface Area Measurement
Surface area was measured by using a home-built Brunauer−Emmett−Teller (BET)

apparatus with N2 as adsorbent. In a typical measurement, the sample was preheated to 423
K under vacuum for 10 min, followed by cooling to 78 K in liquid nitrogen. The surface
area was measured by taking N2 adsorption at 78 K, and the detailed principles behind
multilayer adsorption and the equations used to calculate surface area can be found in
previous publications[87].
2.2.4

Titrations
Oxygen titration was performed on a home-built continuous flow reactor that has

been reported elsewhere, and it was mostly used for catalytic deactivation species
quantification in my research. In a typical oxygen titration, spent catalyst was exposed to
20 sccm of He for 1 hour at 673 K (or desired temperature) to remove any light residuals.
The catalysts were then calcined at 873 K in a 1 sccm stream of pure oxygen, after which
the catalyst was collected and weighed to confirm no significant change in mass relative to
the fresh catalyst. The amount of CO2 from calcination was analyzed by a residue gas
analyzer (RGA 100, SRS) with a pre-calibrated curve, and it was used to quantify the heavy
molecules that adsorbed on catalyst after reaction in terms of carbon deposit.
CO2 titration was used to measure the catalyst stability in the presence of CO2. In a
typical CO2 titration, similar pretreatment in oxygen titration was performed on the spent
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catalyst. After this pretreatment, the flow was switched to a 20 sccm stream of pure CO 2
until the point of saturation, then switched back to He, followed by heating to 873 K at a
rate of 10 K/min. The amount of adsorbed CO2 was identified from a pre-calibrated curve.
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2.3 Catalytic Measurement
Evaluation of a catalyst in the targeting biomass upgrading reaction was performed
via steady-state reactions on a home-built continuous flow reactor. The utilization of a flow
reactor can adjust the space time in one reaction easily, therefore it is better at performing
kinetics measurement and getting more intrinsic information from the reaction. Figure 2.6
is a schematic plot of the customized continuous flow reactor in my research, and it can
perform both ambient-pressure and high-pressure reactions. Typically, 50 ~ 200 mg
catalyst was placed in the middle of a stainless-steel tube that sandwiched by two pieces of
glass wool at both ends. A stainless-steel or ceramic rod was often put at the downstream
of the reactor for holding the catalyst bed as well as reducing blank volume. Before each
experiment, catalyst was often heated to the highest desired reaction temperature in a 20
sccm He flow for pretreatment.

Figure 2.6 Schematic plot for a home-built continuous flow reactor for both ambient-pressure and
high-pressure reactions.
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During one ambient-pressure reaction, the whole reactor line was wrapped up by
heating tapes and heated to avoid any possible condensation. Reactants were usually
introduced by a syringe pump (PHD 2000 Infusion, Harvard Apparatus) to the catalyst bed
with a He flow. Reactants were pre-mixed as needed, and the desired concentration of the
feedstock was adjusted by the rates of carrier gas as well as the feeding rate on syringe
pump. Products were sent directly into a GC-MS (model QP-5000, Shimadzu) that
equipped with a capillary column (HP-INNOWAX, Agilent) for analysis. For those
reactions with large (> C6) reactants or products, products were first collected by a GC vial
and then manually injected into GC-MS for analysis.
For high-pressure reactions, reactants were introduced by an HPLC pump (Series
III, Scientific Systems Inc.) with a backpressure regulator (KPB series, Swagelok). Carrier
gas was adopted as needed. The backpressure regulator also worked as a cooling part for
condensation of products. Products were collected at the end of the pressure regulator and
manually injected into GC-MS for analysis.
Throughout this thesis, conversion of feedstock and product distribution are the two
most important parameters for the evaluation of a catalyst. The conversion is defined as
the amount of reactant after reaction divided by the amount of reactant in initial feed:
𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑎𝑓𝑡𝑒𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

Conversion = 𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖𝑛 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑒𝑒𝑑 × 100%
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The product distribution, or selectivity, is defined as the amount of one product divided by
the total amount of the detectable products (when carbon balance is poor, < 80%) or the
amount of consumed reactant (when carbon balance is good, > 95%):
𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

Selectivity = 𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑜𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 × 100%
Carbon balance can be identified by either comparing the carbon numbers in products with
that in the feedstock or using the oxygen titration method introduced in Chapter 2.2.4.
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PROBING DIRECT ACYLATION OF FURANS
WITH SHORT-CHAIN CARBOXYLIC ACIDS OVER H-ZSM-51
Summary
This chapter aims at probing the direct acylation of furans with long-chain
carboxylic acids on zeolite by studying the general reaction behavior with short-chain acids
first. The acylation of furan and 2-methylfuran (2-MF) with acetic acid (AA) over an HZSM-5 catalyst was studied first. TPD-TGA measurements showed evidence that AA
adsorbs strongly at Brønsted sites, with ketonization to CO2 and acetone beginning at 523
K, while both furan and 2-MF oligomerize upon adsorption at room temperature. Steadystate, flow-reactor measurements demonstrate that selectivities for the acylation reactions
can approach 100% below 523 K when reactions are operated in excess organic acids, with
maximum conversion limited by equilibrium. Coking becomes important when the
reaction is operated in excess furans or at high reactant concentrations, while ketonization
products were observed when the reaction is performed above 523 K. 1-hexanoic acid (HA)
was studied as the first effort for probing the long-chain acid acylation, and the reaction
showed similar trend as using AA. Potential uses for the reactions were also discussed.

1

This chapter was published as Y. Ji, J. Pan, P. Dauenhauer, R.J. Gorte, Probing Direct Carbon-carbon
Acylation of Furans and Long-chain Acids over H-ZSM-5, Applied Catalysis A, general, 577 (2019) 107112. Copyright 2019, Elsevier.
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3.1 Introduction
The acylation of furans with organic acids is potentially attractive for increasing
the molecular weight of biomass-derived compounds in a controlled manner[54]. This
could be employed for the production of fuels, where molecules larger than the six-carbon
compounds produced from sugars would be useful[88]. Some of the products formed by
acylation of furans could also find applications as intermediates for more valuable
chemicals, such as pharmaceuticals and fragrances[41, 89]. Finally, the acylation of furans
with larger organic acids is an important step in the formation of a new class of tunable
oleo-furan surfactants that has recently been reported[41]. These surfactants have the
potential for replacing petroleum-based compounds with renewable chemicals that exhibit
superior performance characteristics.
How to carry out the acylation reactions remains an important question. FriedelCrafts acylation of aromatic compounds are classically performed using strong Lewis acids,
such as AlCl3, but these processes are not environmentally friendly and can produce side
products that must be disposed of[47]. In the recent work on oleo-furan surfactants, the
acylation reactions were carried out on zeolites with Brønsted acidity[41]. Although the
conversions and selectivities in that work were good, the authors used the intermediate step
of first forming the organic anhydrides[41]. It would be desirable to perform the reaction
directly with the long chain organic acid using a heterogeneous, solid acid. Direct acylation
of aromatics with acid has been demonstrated using H-ZSM-5 and H-BEA zeolite
catalysts[54, 90], with good selectivities, even in the presence of water. However, this
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previous study focused on understanding the reaction mechanisms and did not attempt to
maximize the yields or determine the effect of different reactants.
It is instructive to consider an earlier study of the reaction between acetic acid (AA)
and propene on H-ZSM-5[91]. The reaction rates in that case were reasonably high at
temperatures above 450 K, and the selectivities to the propyl acetates or their dehydration
products were nearly 100% below 525 K. The catalyst was also stable at 475 K, with no
observed deactivation over a period of 20 h. It is revealing that, in the absence of AA,
propene reacts on H-ZSM-5 in this temperature range to form various oligomeric and
cracking products[92]. Furthermore, the catalyst quickly deactivates during the reaction of
pure propene under these conditions due to pore filling with oligomeric species. Apparently,
the Brønsted sites are primarily populated by acetic acid during the reaction between AA
and propene, greatly suppressing propene oligomerization. There are direct implications
these result for acylation of furans, because furans can also oligomerize on strong Brønsted
sites[93].
There are important differences between the acylation of furans and the reaction of
AA with propene due to the large difference in gas-phase Proton Affinities (PA) between
the furans and propene. Calorimetric measurements have shown that the stability of
adsorption complexes at zeolite Brønsted sites scales well with PA[94]; and, based on PA,
AA (PA=784 kJ/mol) is a stronger base than propene (752 kJ/mol), making it reasonable
that it would compete favorably for sites. However, the PA of furan (803 kJ/mol) is slightly
larger than that of AA and the PA of 2-MF (866 kJ/mol) is much larger. This would suggest
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that the selectivities for these two reactants might be very different from that of propene
and from each other.
In the present study, we expanded the earlier work of Gumidyala, et al.[54] in order
to more fully understand the effects of reaction conditions and reactants, particularly near
equilibrium conversions. Comparisons were made for furan and 2-MF and for AA and 1hexanoic acid (HA) as reactants. Because we found that H-ZSM-5 can be selective for
these reactions, we restricted our studies to this catalyst. Major conclusions are that the
maximum yields are largely limited by equilibrium for temperatures below about 523 K,
and that catalyst stability requires operating in excess organic acid.
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3.2

Experimental Techniques
The H-ZSM-5 catalyst used in this study was obtained from Zeolyst (CBV5524G,

SiO2/Al2O3 =50). It was in the ammonium-ion form as received and converted to the acidic
form by heating in dry, flowing air to 823 K for 6 h. This zeolite has been used in other
studies from our laboratory, where its properties were described in more detail[81]. Based
on

Temperature-programmed-desorption/thermogravimetric-analysis

(TPD-TGA)

measurements with 2-propanamine[95], its Brønsted-site density is approximately 500
µmol/g, a value somewhat less than the Al concentration of 625 µmol/g. A purely siliceous
MFI zeolite, SiZSM-5, also described in previous papers as “ZSM-5(F, Si)”[81], was used
for some adsorption studies in order to confirm the effect of Brønsted sites on adsorption.
The chemicals in this study were used as received: 2-MF (99%, contains 200-400 BHT as
stabilizer) and HA (≥99.5%) are from ALDRICH; furan (99+%) is from ACROS
ORGANICS; AA (certified ACS) is from Fisher Chemical.
TPD-TGA measurements were performed on 50-mg samples placed in the sample
pan of a CAHN 2000 microbalance[81], which could be evacuated to ~10-7 torr using a
diffusion pump. After heating the sample in vacuum to 823 K, the sample was cooled to
room temperature, exposed to vapor from the adsorbate of interest, and evacuated for 1 h.
Desorption measurements were performed by heating the sample at 10 K/min while
measuring the partial pressures with an SRI quadrupole mass spectrometer (RGA100).
A tubular reactor, operating at 1-atm total pressure, was used in the steady-state
reaction measurements. The reactor was a 200-mm long stainless steel tube with a 4.6-mm
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inside diameter[96]. The zeolite samples (200-mg in most cases) were pressed into thin
wafers, which in turn were broken into small pieces and loaded into the center of the tube.
Glass wool was placed on both sides of the catalyst bed, and the bed was held in place by
inserting a solid stainless-steel rod into the end of the tube. The rod also reduced the empty
volume in the reactor, decreasing the hold-up of products. The reactants were well mixed
and fed to the reactor using syringe pumps (PHD 2000 Infusion, Harvard Apparatus), with
20-mL/min helium added as a carrier. All of the reaction lines were wrapped with heating
tape and held at a temperature at least 50 K higher than the condensation temperature of
the highest boiling reactant. The products were measured using an on-line gas
chromatograph (Buck Scientific) equipped with a capillary column (HP-INNOWAX,
Agilent Technologies) and identified from the retention times, calibrated using a GC-Mass
Spec (QP5000, Shimadzu) with the same column. Calibration of the GC for the acylation
products formed by AA was performed using compounds purchased from Sigma-Aldrich.
Because the products formed by reaction of the furans with HA were not commercially
available, we assumed that the GC sensitivities were the same as those of the corresponding
AA products.
Throughout this manuscript, conversions are defined as the fraction of the entering
reactant that forms product before leaving the reactor, and selectivities are defined as the fraction
of reacting molecules that form the desired product.
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3.3 Results
3.3.1

Adsorption Studies
The adsorption of AA in H-ZSM-5 was studied in some detail previously[97], but

TPD-TGA measurements, shown in Figure 3.1(a), were repeated here. Following roomtemperature adsorption and 1-h evacuation, the coverage was still about 1000 µmol/g, well
above the Brønsted-site density of 500 µmol/g (the main peak in the mass spectrum is at
m/e = 45, with small contributions at m/e = 18 and 44). Roughly half of the adsorbed AA
desorbed below 400 K, leaving a coverage close to that of the Brønsted-site density. An
inflection point in both the TGA and the m/e=45 TPD signals at just above 400 K also
suggests formation of an adsorbed species with a coverage close to one molecule per site.
Above 400 K, additional AA desorbs intact until 500 K, when mass spectra of the desorbing
products change rather dramatically. The peaks at m/e = 44 and 58, representing primarily
CO2 and acetone, respectively, are formed above 500 K due to ketonization of acetic acid.
Acetone is highly reactive at acid sites at relatively high temperature[98], other products
are likely formed by secondary reactions but not reported here, since it is beyond the
temperature range we care about, to be discussed later. It is noteworthy that a similar lightoff temperature for reaction of AA to other products was observed in flow-reactor
measurements[99].
TPD-TGA results for furan on H-ZSM-5 are shown in Figure 3.1(b), with results
that are very similar to those reported previously for 2,4-dimethylfuran on an acidic HBEA zeolite[93]. Following room-temperature exposure and 1-h evacuation, the coverage
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of furan remains over 750 µmol/g, well above the Brønsted-site density. However, unlike
AA which tends to form relatively strong hydrogen bonds with even siliceous materials,

Figure 3.1 Temperature Programmed Desorption - Thermogravimetric Analysis (TPD-TGA) of (a)
acetic acid on H-ZSM-5; (b) furan on H-ZSM-5; (c) 2-methylfuran (2-MF) on H-ZSM-5. TGA
results for furan and 2-MF on SiZSM-5 are also shown in (b) and (c). The TPD peaks correspond
to CO2 (m/e = 44), AA (m/e = 18, 45), acetone (m/e = 58), furan (m/e = 68), 2-MF (m/e = 82),
oligomers (m/e = 42), water (m/e = 18).

physically adsorbed furans are easily removed from siliceous zeolites[93]. This is shown
by the TGA data for furan in SiZSM-5, also reported in Figure 3.1(b), which demonstrate
that essentially all of the furan could be removed by evacuation. The fact that the coverage
of furan on H-ZSM-5 was greater than one per site after evacuation likely implies that some
of the furan had undergone oligomerization at the Brønsted sites, even at room temperature.
In TPD, nearly half of the furan leaves the zeolite below 500 K, with the rest desorbing as
a range of other products formed by oligomerization and cracking at higher temperatures.
Adsorption of 2-MF in H-ZSM-5 gave similar results as that for furan, as shown in Figure
3.1(c). The initial coverage of 2-MF after evacuation, greater than 1000 µmol/g, was more
than twice the Brønsted-site density, implying that the extent of oligomerization might be
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slightly higher than that of furan. Again, some of the 2-MF desorbed intact during TPD,
possibly by dissociation of dimers, but more than half desorbed as products that we could
not identify with the mass spectrometer.
3.3.2

Reaction of AA with 2-MF and Furan
An initial indication of the temperature dependence of the reaction between furan

and AA is shown in Figure 3.2. For these measurements, the flow rates and reactant
concentrations were fixed, while the conversions and selectivities were measured as a
function of temperature between 473 and 573 K. As will be shown later, catalyst stability
and reaction selectivities were improved in excess AA; therefore, this set of experiments
was performed with an AA:furan ratio of five, in 95-mol% He. The H-ZSM-5 catalyst was
held in the flowing reaction mixture at each temperature for at least two hours, and there
was no evidence for deactivation over the course of the measurements under these
conditions. The data show that the AA conversion increases steadily with temperature,
while the furan conversion goes through a maximum at about 523 K. Because there is a
rapid increase in the formation of CO2 and acetone from AA above this temperature, the
decrease in conversion of furan must be related to the ketonization reaction of AA at the
acid sites. This implies that the ketonization reaction is in competition with the acylation
reaction and not part of the mechanism for acylation. The selectivity for furan forming 2acetylfuran was 100% at all temperatures, within our ability to detect the products.
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Figure 3.2 Temperature dependence for the (a) conversion (blue) and selectivity (green: 2acetylfuran) of furan and for the (b) conversion (blue) and selectivity (green: acylation; red:
ketonization) of acetic acid (AA) in the reaction of AA with furan, using an AA:furan ratio of 5, in
95-mol% He.

Figure 3.3 Temperature dependence for the (a) conversion (blue) and selectivity (green: 2-acetyl5-methylfuran; red: 3-acetyl-5-methylfuran and 4-acetyl-5-methylfuran) of 2-MF and for the (b)
conversion (blue) and selectivity (green: acylation; red: ketonization) of acetic acid (AA) in the
reaction of AA with 2-MF, using an AA:furan ratio of 5, in 95-mol% He.

The analogous results for acylation of 2-MF, shown in Figure 3.3, are nearly
identical to that for furan. The conversion of AA again increases steadily, with CO2 and
acetone appearing in the products beginning at 548 K. As with furan, the conversion of 2-
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MF goes through a maximum at 523 K, and the selectivity to acylation products is again
100%. The one difference with 2-MF was that there was a significant shift towards the 2,3methyl-acetylfuran and 2,4-methyl-acetylfuran isomers from the 2,5-methyl-acetylfuran
with increasing temperature.
Figure 3.4 shows the effect of changing the AA:2-MF feed ratio. These
experiments were performed at 523 K, again with dilution in 95-mol% He. Because the
catalyst was not stable in excess 2-MF, the measurements were performed within 10
minutes of introducing the feed, and the catalyst was replaced after each run. A most
significant observation was that higher molecular-weight products, primarily 2-MF dimers,
were observed when the AA:2-MF ratio was less than one. Furthermore, the carbon balance
was, within experimental error, 100% for AA:2-MF ratios above one but became much
worse at lower ratios. The poor carbon balance at low AA:2-MF ratios is primarily due to
coke deposition in the catalyst, since catalyst deactivation became appreciable at low ratios.
For example, as Figure 3.4(b) shows, when the AA:2-MF ratio was 0.2, the 2-MF
conversion dropped from 50% to 40% after 100-min time on stream, while rates were
completely stable at high AA:2-MF ratios. Finally, Figure 4 shows that the 2-MF
conversion went through a minimum at intermediate AA:2-MF ratios. The higher
conversion at low ratios was due to oligomerization of the 2-MF, while the higher
conversion at the highest ratio was simply due to the fact that the amount of 2-MF in the
feed is less.
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Figure 3.4(a) 2-methyl-furan (2-MF) conversion (blue) and selectivities (green: acylation products,
include isomers; red: high-molecular-weight products) for reaction of acetic acid (AA) and 2-MF
as a function of the 2-MF:AA feed ratio at 523 K, with 95-mol% He balance. The carbon balance
is also shown (purple, down triangle). (b) Conversion of 2-MF as a function of time for a 2-MF:AA
ratio of 5.

Figure 3.5(a) Conversions (blue) and selectivities (green: acylation products, include isomers; red:
high-molecular-weight products) for the reaction of acetic acid (AA) and 2-methyl-furan (2-MF)
as a function of feed concentration (balance He). The 2-MF:AA ratio was 0.2. (b) Conversion of
2-MF as a function of time for pure feed with an 2-MF:AA ratio of 0.2.

Figure 3.5 shows the effect of He dilution for reaction of AA and 2-MF, for a fixed
AA:2-MF ratio of 5 at 523 K. Increasing the feed concentration to 10% did not change the
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conversion, but removing He entirely caused the conversion to decrease significantly, from
roughly 30% to 12.5%. Furthermore, increasing the reactant concentration decreased the
catalyst stability, with the conversion dropping from a value of 23% after 30 min time on
stream to 6% after 150 min. The selectivity for acylation products decreased as well, with
the formation of higher molecular weight products.
Because the acylation reactions are expected to be reversible, the conversions
reported here are likely to be at least partially limited by equilibrium. To determine whether
this was the case, we measured the conversions of both 2-MF and furan in their reactions
with AA as a function of reactor space time. The measurements were performed at 523 K,
with 95% dilution in He and a AA:furan(2-MF) of five in order to avoid coking issues.
This data is shown in Table 3.1. For both reactants, the conversion stopped increasing
above a certain residence time, implying that equilibrium had been reached. The
equilibrium constants at 523 K were calculated to be 0.041 for the reaction of AA with
furan and 0.075 for the reaction of AA with 2-MF. To confirm that these were equilibrium
values, we also performed experiments in which water was added to the feed, the
corresponding equilibrium constants calculated from different water ratios in the initial
feed were unchanged, as shown in Table 3.2. However, extra water in the initial feed has
led to a competence of adsorption in the porous material, therefore the verification process
does not support the situation where too much water is used.
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Table 3.1 Effect of contact time on conversions for the reaction of acetic acid (AA) and hexanoic
acid (HA) with 2-methylfuran (2-MF) and furan at 523 K.
Reactants

WHSV[h-1]

2-Methylfuran +
Acetic Acid

0.82
0.41
0.21
0.16
0.10

Conversion:
2MF or furan
33.6%
39.3%
43.5%
43.2%
43.8%

Furan +
Acetic Acid

0.40
0.20
0.10

34.8%
34.5%
35.0%

0.041

2-Methylfuran + 1Hexanoic Acid

0.15
0.09
0.03

32.4%
32.3%
33.4%

0.036

Equilibrium Constant*

0.075

[𝐴𝑐𝑦𝑙𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡][𝐻2𝑂]

* 𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 ≡ [𝐹𝑢𝑟𝑎𝑛 𝑜𝑟 2−𝑀𝐹][𝐴𝐴 𝑜𝑟 𝐻𝐴]
Table 3.2 Effect of water addition on conversions for the reaction of acetic acid (AA) with 2methyl-furan (2-MF) at 523 K at low WHSV.
Acetic Acid :
2-Methylfuran : H2O
5:1:0
5:1:0.5
5:1:1

3.3.3

Conversion of 2-MF

Corresponding equilibrium
constant

43.5%
29.4%
22.0%

0.073
0.070
0.072

Reaction of 2-MF with Hexanoic Acid (HA)
To determine whether a similar approach could be used to react larger organic acids

with the furans, we next performed the reaction HA with 2-MF. Because HA has a lower
vapor pressure, the experiments were performed using 95-mol% n-hexane as the diluent in
place of He. This allowed the reactants to be fed as a liquid mixture directly into the reactor
using a syringe pump. The reaction was performed at 1.0 atm and the HA:2-MF ratio was
45

again fixed at five. The reaction was monitored using a fixed feed flow rate, while
measuring the conversion and product distribution as a function of the reaction temperature,
starting from 473 K, a temperature at which all of the reactants and products will be in the
vapor phase. We observed no changes in the conversions with time, showing that the
catalyst was again completely stable under the conditions of these experiments. Figure 3.6
demonstrates that the trends in conversion and selectivity were similar to what we observed
for reaction of AA with 2-MF. The conversion of 2-MF again appears to reach a maximum
of about 32% at 523 K; and the ketonization product for HA, 6-undecanone, was observed
starting at 548 K. While the 2-MF selectivities for forming the Friedel-Crafts products were
100% under these conditions, significantly more of the 3,5- and 4,5-products were
observed with HA. The conversion was again found to reach a maximum with increasing
space time (Table 3.1) and the equilibrium constant at 523 K was calculated to be 0.036.

Figure 3.6 Temperature dependence for 2-methyl-furan (2-MF) conversion (blue) and selectivities
(green: 2-hexanoyl-5-methylfuran; red: 3-hexanoyl-5-methylfuran and 4-hexanoyl-5-methylfuran)
during reaction of hexanoic acid (HA) with 2-MF using an HA:2-MF ratio of 5 with 95-mol% He.

46

3.4 Discussion and Conclusion
In the present work, we confirmed results from previous studies which showed that
high selectivities could be achieved in the Friedel-Crafts reaction of organic acids and
furans using the Brønsted acid sites in siliceous zeolites[54]. Unfortunately, equilibrium
limited the ultimate yields, but selectivities can approach 100%. If methods are developed
to remove the water selectively from the reaction mixture, it may be possible to increase
the yields to significantly higher levels.
Although we cannot completely rule out the possibility that the reaction occurs
through the formation of stable acyl groups, we believe the data suggest that the reaction
proceeds through a bimolecular process involving the molecular organic acid and furan (or
2-MF) at the Brønsted sites. Previous work had shown that stable acyl groups can be
formed in H-ZSM-5, since mild heating of adsorbed acetyl chloride produces HCl and an
adsorption complex with similar vibrational and 13C NMR characteristics to acetic acid[97].
However, if long-lived acyl groups had been formed from adsorbed acetic acid at
temperatures below that at which reaction occurs, we should have observed water
desorption in TPD at temperatures below that at which reaction occurs. Instead, the reaction
products from TPD of acetic acid showed only molecular acetic acid at temperatures where
the reaction is highly selective. Formation of CO2 and acetone, due to the ketonization
reaction, are formed at higher temperatures; but it is significant that the onset temperature
for CO2 in TPD occurs at the same temperature at which selectivity for acylation decreases
and ketonization products form in the steady-state reaction. This implies that the
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ketonization reaction is a competing reaction and probably not associated with the desired
reaction route.
Catalyst coking was an issue in excess furan (2-MF) and at higher reactant
concentrations. Both of these observations are consistent with oligomerization of furan at
the Brønsted sites, which was also observed in the adsorption studies. It is perhaps more
surprising that oligomerization was not a significant problem when the reaction was
performed in excess acid given that oligomerization of furan appears to occur at room
temperature in adsorption studies. This is an important clue as to what is the primary
species populating the Brønsted sites under reaction conditions. As discussed in the
Introduction, heats of formation of adsorption complexes in H-ZSM-5 scale reasonably
well with Proton Affinities (PA)[94]; based on this, the furans would be expected to
compete favorably with organic acids for Brønsted sites. However, calorimetric
measurements have also shown that hydrogen-bonding contributions can further stabilize
adsorption beyond that predicted from simple PA correlations. For example, the heats of
adsorption for alcohols at Brønsted sites in H-ZSM-5 are larger than one observes for
nitriles that have similar PA, likely due to these hydrogen-bonding contributions[100]. The
fact that acetic acid desorbs at higher temperatures than the furans in TPD, Figure 1, also
implies that the organic acids are bound to the Brønsted sites with at least comparable
energetics. However, it is also possible that the sites are primarily populated with furans
and that oligomerization is simply prevented by physically-adsorbed, organic-acid
molecules blocking a second furan molecule from approaching the acid sites. Whatever the
mechanism, the fact that the organic acids prevent oligomerization of the furans is
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interesting and consistent with results from the previous study of acetic acid reactions with
propene[91].
To conclude, the acylation of furan and 2-methylfuran with acetic acid and 1hexanoic acid can be performed with moderate selectivity on an H-ZSM-5 zeolite.
Conversions are limited by equilibrium, and reaction temperatures should be maintained
below 523 K to avoid ketonization products. Coking due to oligomerization of the furans
can occur when the reactions are carried out in excess furans. The high degree of control
for making higher molecular weight products makes this an attractive approach for
producing useful chemicals from biomass sources. Additional research to more fully
understand these reactions is worthwhile.
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PROBING

DIRECT

ACYLATION

OF

2-

METHYLFURAN WITH LONG-CHAIN CARBOXYLIC ACIDS
OVER H-ZSM-52
Summary
Long-chain alkyl furan ketone molecules are potential to become the structure
substitution for the next-generation surfactant. An alkyl furan ketone with a 12-carbon
hydrophobic tail has been reported to obtain the most significant detergency property
improvement, but report on the direct synthesis of this molecule was limited. In this work,
direct acylation of 2-methylfuran with nonanoic acid and the target dodecaonic acid over
H-ZSM-5 were both investigated. Acylation with both long-chain acids showed similar
performance as with short-chain acids. However, due to the high molecular weight in longchain acylation, solvent is necessary for material transfer, and it has been found to play an
important role in the reaction. Introduction of solvent mainly affects the adsorption of
reactants, and it was mainly controlled by three factors: molecular size, proton affinity, and
hydrogen bonding. For a much larger molecule system, the effect from molecular size is
significant. Therefore, to achieve the best reaction performance, using a solvent with a
molecular size close to that of carboxylic acid is always desired.
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4.1 Introduction
A surfactant is a surface-active molecule that is being applied in many aspects of
our lives. Extensive research has focused on improving the surfactant gradient for better
detergency properties.[37, 38, 40] Currently, the most widely used surfactant for aqueous
application has a linear alkylbenzene sulfonate (LAS) structure that functions as the
surfactant molecule, as shown in Figure 4.1(a).[41] The LAS molecule consists of a
hydrophilic functionality (a sulfonate group) with a hydrophobic tail, which is mostly
branched or non-branched alkyl chain, linked by a benzene ring (the linker molecule).
Regardless of its wide application, the LAS surfactant still has many disadvantages: (1) its
biodegradability is often low, especially for a surfactant with a branched alkyl chain that
takes decades to decompose in nature[45]; (2) to meet different needs, add-ins such as
chelating agents or water softeners are often required in this type of surfactant, and they
can easily bond with metal ions resulting in limited tolerance in hard water[39, 40]; (3)
adding the alkyl group to the benzene ring is done mostly through a non-selective
alkylation reaction that requires extra separation processes[43, 44]. Moreover, feedstocks
for the alkylation reaction are currently being derived from fossil resources, which is
unsustainable. All these disadvantages require urgent improvement for surfactant
molecules.

Figure 4.1 Structure of (a) alkylbenzene sulfonate (LAS) (b) oleo-furan sulfonate (OFS) molecules.
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One promising substitution of the current LAS surfactant was proposed by Park et
al.[41] The new surfactant uses an oleo-furan sulfonate (OFS) as the main functionality
group, in which a furan molecule is used as the linker and the previous alkyl group on the
LAS surfactant is substituted with an aldehydic group, as shown in Figure 4.1(b).
Introducing the linear aldehydic group increases the biodegradability of the OFS surfactant
compared to the LAS surfactant with branched alkyl groups.[45] The new OFS surfactant
in Park’s work also exhibits both lower critical micelle concentration (CMC) and Krafft
point (Tk), two important detergency properties, compared to the LAS molecules.[41]
Hence, add-ins in OFS surfactant are not needed, and hard-water tolerance is improved by
over two orders of magnitude. What is more exciting is that this OFS structure can be
synthesized through selective acylation of furans with desired aldehydic groups, followed
by solfonation. The selective reaction enables a reduction in separation cost, and the
feedstock of this reaction can be derived from biomass, which is desired for a sustainable
production process. For example, xylose, which can be derived from hydrolysis of wood
waste[9, 23], can undergo dehydration, decarboxylation, and hydrogenation to form
furans[33-35], and acylation agents such as carboxylic acids can be derived through
fermentation of biomass waste[22, 24].
Even though the OFS surfactant seems to be a better substitution, there is still a
great knowledge gap to be filled before it can be applied in the real world. One of the main
obstacles to this is the selective acylation process. Much research on this process has
focused on using carboxylic acid anhydride or acyl chloride as the acylation agent.[47-49]
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However, corresponding acids are often produced as side products, and this is both noneco-friendly and inefficient. Besides side products, catalysts used in these studies were
mostly Lewis acidic homogenous catalysts, such as AlCl3, which require extra separation
processes.[50] One possible way to improve this acylation process is to acylate furan
molecules directly with carboxylic acids (in this case, the only byproduct is water) and to
use heterogeneous catalysts, such as zeolite, to minimize separation cost. However, little
work has been done to understand the direct acylation of furans with long-chain carboxylic
acids. Most of the published works have focused on either using petroleum-based benzene
compounds or short-chain acids that cannot provide effective hydrophobic functionality
for the OFS surfactant.[54, 101-103]
In our previous work, acetic acid (AA) was first studied to understand the general
acylation behavior with furans by using H-ZSM-5 as a catalyst, and hexanoic acid (HA)
was used to probe this proof-of-concept reaction.[104] Reasonable conversions and
promising selectivities to the desired products (alkyl furan ketones) were observed, with ~
30% yield to the desired product (5-position acylation product regarding 2-methylfuran)
and a few isomers. The reactions were thermodynamically controlled but increasing the
reaction temperature would not be a good choice since carboxylic acid ketonization
becomes dominant at high temperatures (> 523 K). In present work, we extended our
previous study to probing longer-chain acid acylation, and nonanoic acid (NA) and
dodecanoic acid (DA) were both studied as acylation agents. A surfactant molecule with a
dodecyl tail in Park’s study (“OFS-12”) has shown the best detergency properties.[41]
Therefore, acylation of 2-methylfuran (2-MF) with DA is our goal in this study.
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4.2 Experimental Methods
4.2.1

Catalyst Synthesis and Characterization
The H-ZSM-5 catalyst used in this study is the same catalyst used in our previous

report.[104] To make this catalyst, ammonium form NH4-ZSM-5 was obtained from
Zeolyst (CBV5524G, SiO2/Al2O3 = 50). The commercial zeolite was then converted to the
acidic form H-ZSM-5 by heating in dry, flowing air to 823 K for 6 h. The Brønsted site
density is determined by 2-propanamine temperature-programmed desorption-thermal
gravimetrical analysis (TPD-TGA) measurements to be approximately 500 µmol/g.
The TPD-TGA measurements were performed on 50-mg samples placed in the
sample pan of a CAHN 2000 microbalance. After the sample was heated in a vacuum (~107

torr) to 823 K, it was cooled to room temperature, exposed to vapor from the adsorbate

of interest, and evacuated for 1 h. Desorption measurements were performed by heating
the sample at 10 K/min while measuring the partial pressures with an SRI quadrupole mass
spectrometer (RGA100, SRS).
4.2.2

Steady-state Reaction Measurement
Steady-state reactions were performed in a home-built continuous flow reactor to

measure the catalytic activities. Typically, ~200 mg catalyst was placed in the middle of a
200-mm long and 4.6-mm inside diameter stainless steel tube and fixed by glass wool at
both ends. A solid stainless-steel rod was placed at the end of the catalyst bed to hold it in
place. It also reduced the empty volume in the reactor, decreasing the hold-up of products.
H-ZSM-5 was pressed into thin wafers and then broken into small pieces for a compacted
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catalyst bed. Reactants were well mixed and fed to the reactor using either a syringe pump
(PHD 2000 Infusion, Harvard Apparatus) for the ambient-pressure reactions or an HPLC
pump (Series III, LabAlliance) for the high-pressure reactions with a backpressure
regulator (KPB series, Swagelok) at the end. The products were collected and measured
using a GC-Mass Spec (QP5000, Shimadzu) with a capillary column (HP-INNOWAX,
Agilent Technologies). The chemicals in this study were used as received: 2-MF (99%,
contains 200-400 BHT as stabilizer, ALDRICH), NA (97%, ACROS Organics ), DA (99%,
ACROS Organics ), n-hexane (99+%, ACROS Organics), n-octane (98+%, Alfa Aesar),
n-decane (99+%, Alfa Aesar), n-dodecane (99+% Alfa Aesar), n-tetradecane (99+%, Alfa
Aesar), and n-hexadecane (99%, ACROS Organics).
Because the large molecular acylation products were not commercially available,
we assumed that the GC sensitivities were the same for the isomers with the same
molecular weight. Throughout this manuscript, conversions were defined as the fraction of
detectable reactant after reaction to the same molecule in the feed stock, and selectivities
were defined as the fraction of reacting molecules that formed each product.
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4.3 Results
4.3.1

Reaction of 2-methylfuran with Nonanoic Acid
An initial temperature dependence study of 2-methylfuran (2-MF) and nonanoic

acid (NA) on H-ZSM-5 is shown in Figure 4.2. A 10-mol% mixture of 2-MF and NA was
well mixed in decane, with the ratio of 2-MF:NA = 1:5. The excess ratio of NA is used to
prevent the oligomerization of 2-MF on Brønsted sites, as indicated from our previous
study.[47, 49, 104] Because of the high boiling point of both reactants and products, the
initial reaction temperature was set at 473 K to avoid possible condensation in the reactor
or zeolite pores. As shown in Figure 4.2(a), an initial conversion of 20% 2-MF was
observed at this temperature, and almost all the consumed 2-MF was converted to acylation
products, mainly 2-nonanoyl-5-methylfuran (> 90% selectivity). Some isomers by
acylation on position 3 or 4 were also observed. Consistent with our previous study, the
selectivity to 2-nonanoyl-5-methylfuran decreased as increasing temperature from 473 K
to 513 K, while the selectivity to its isomers increased. 2-MF reached the maximum
conversion around 35% at 513 K and dropped from 533 K. However, the conversion of
NA significantly increased at 533 K, as shown in Figure 4.2(b). The change of activity
from 513 K to 533 K can be explained by the leveraging to the ketonization of NA at a
high temperature other than acylation: the selectivity to the ketonization reaction instantly
increased to ~40% at 533 K compared to ~3% at 20 K lower. The ketonization reaction
became dominant (selectivity > 50%) at 553 K and above. This observation is consistent
with our previous result from acylation with acetic acid and hexanoic acid.[104] Moreover,
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the competence from ketonization all occurred around 523 K, indicating the proper
temperature range for acylation with other carboxylic acids.

Figure 4.2 Temperature dependence for (a) conversion (blue) and selectivity (green: 2-nonanoyl5-methylfuran; red: isomers) of 2-MF and for (b) conversion (blue) and selectivity (green: acylation;
red: ketonization) of nonanoic acid in the reaction of NA with 2-MF, using an NA:furan ratio of 5,
in 90-mol% He.

The effects from feedstock concentration and ratio were studied and are shown in
Figure 4.3 and Figure 4.4, respectively. The temperature of both experiments was kept at
523 K to maximize the conversion of 2-MF and to avoid side reactions. In studying the
reactant concentration effect, the ratio of 2-MF:NA was again kept at 1:5 to avoid possible
catalyst deactivation from 2-MF oligomerization. The results were recorded after 10 min,
when the reaction started. As is shown in Figure 4.3(a), with 10-mol% concentration in
the initial feed, the 2-MF conversion reached around 32% and the rate barely changed for
the next 5-h measurement. However, as increasing the feed concentration, reaction rate
became unstable. For example, in Figure 4.3(b), in which an initial concentration of 30mol% was used, 2-MF reached an initial conversion of as high as ~40%, but then it kept
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declining, and the rate was only half after a 1-h reaction. The decrease in rate suggested a
deactivation in the active sites, and it will be discussed later.

Figure 4.3 (a) Conversions (blue) and selectivities (green: 5-position acylation product; red:
isomers) of detectable products for the reaction of NA and 2-MF as a function of feed concentration
in decane. (b) Conversion of 2-MF as a function of time for 30-mol% total concentration with a 2MF:NA ratio of 0.2. The 2-MF:NA ratio was 0.2 and measurement was performed at 523 K.

Figure 4.4 (a) Conversions (blue) and selectivities (green: 5-position acylation product; red:
isomers) of detectable products for the reaction of NA and 2-MF as a function of 2-MF:NA ratio.
(b) Conversion of 2-MF as a function of time for 2-MF:NA = 2 in initial feed. The total
concentration in decane was 10-mol% and measurement was performed at 523 K.
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Figure 4.4 shows how the ratio of 2-MF and NA in the initial feed can affect the
reaction. When an excess or stoichiometric amount of 2-MF was in the reactant, its
conversion could decline in the time on stream examination. However, not all the
consumed 2-MF was converted into acylation products. As shown in Figure 4.4(b), with
a mixture of 2-MF:NA = 2:1, the reaction rate declined fast soon after the reaction started.
This again indicated that oligomers might have formed from the excess 2-MF, and the
active sites were blocked. At the stoichiometric ratio, 2-MF could have more opportunities
to adsorb in micropores that are harder for the larger NA molecule to access, hence a
stoichiometric ratio might not be favored in the long-chain acid acylation.
4.3.2

Reaction of 2-methylfuran with Dodecanoic Acid
The acylation of 2-MF with NA in Chapter 4.3.1 showed great correspondence

with our previous study of short-chain carboxylic acid acylation: (1) the desired reaction
temperature was around 523 K to yield the most acylation product and avoid ketonization
at higher temperatures; (2) excess carboxylic acid and a low feedstock concentration were
desired for avoiding 2-MF oligomerization on Brønsted sites. To achieve the 12-carbon
oleo-furan structure, direct acylation of 2-MF with DA was probed on the same H-ZSM-5
catalyst. Here, we report the result only of the different 2-MF:DA ratio effects as a function
of time in dodecane as solvent. As shown in Figure 4.5, at all three ratios, a significant
decrease in conversion appeared at the initial stage of each reaction. This can be reasonably
explained by the slight oligomerization of 2-MF molecules that are more accessible to the
microstructures compared to the large acid molecules. However, the selectivity to the 5position acylation product and its isomers was barely affected. When 2-MF:DA was
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equivalent to the stoichiometric ratio, the reaction rate continued to decline. This suggested
there was an ongoing deactivation and confirmed the previous conclusion that a
stoichiometric ratio is favored in the long-chain acid acylation. When extra DA was added
in the initial feed, as Figure 4.5(b) and Figure 4.5(c), the reaction became stable after the
initial stage. This was similar to the ratio for NA, and it suggested the importance of extra
acid for protecting Brønsted sites, especially in long-chain acid acylation.

Figure 4.5 Conversions (blue) and selectivities (green: 5-position acylation product; red: isomers)
of detectable products for the reaction of DA and 2-MF at different ratios: (a) 2-MF:DA =1:1, (b)
2-MF:DA =1:2, (c) 2-MF:DA =1:5. The total concentration in dodecane was 10-mol% and
reactions were measured at 523 K.

4.3.3

Solvent Effects in Direct Acylation with Long-chain Carboxylic Acids
In direct acylation with long-chain carboxylic acids, both reactants and products

have higher molecular weight, and they are less volatile. To use a carrier gas is not
sufficient for material transfer during reaction. Therefore, solvent was adopted in our study.
Interestingly, various solvent effects were observed in the reaction with both NA and DA.
Steady-state reactions with each acid in different solvents were performed with other
conditions fixed (523 K, 2-MF:acid = 1:5, total initial feed concentration = 10-mol%,
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ambient pressure) for the purpose of better understanding this type of reactions as well as
optimizing reaction conditions.
Figure 4.6(a) shows the result of direct acylation of 2-MF with NA in different
solvents, from n-hexane to n-hexadecane increased by 2 -CH2- per solvent molecule. By
using hexane to deodecane as solvent, the reaction rate remained relatively stable, and no
significant deactivation was observed. For example, as shown in Figure 4.6(b), when using
decane as solvent, the 2-MF conversion remained around 30% during the 150-min
measurement. A different selectivity to the acylation product isomers was observed in
different solvents, but their total selectivity adds to 100% as suggested in Figure 4.6(a).
However, an apparent solvent effect on 2-MF conversion was observed. In Figure 4.6(a),
the highest stable conversion was observed when decane was used as solvent, and it
significantly declined when the molecular size of solvent was increased or decreased.
Interestingly, when using tetradecane or hexadecane as the solvent, the deactivation
became non-negligible, as shown in Figure 4.7. Different from Figure 4.6(b), the
conversion of 2-MF in tetradecane or hexadecane declined significantly, from almost
complete conversion to ~20% or 40% after the 150-min measurement. This seems to be
caused by the oligomerization of 2-MF, accelerated by the large-molecular solvent.
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Figure 4.6 (a) Conversions (blue) and selectivities (green: 5-position acylation product; red:
isomers) of detectable products for the reaction of NA and 2-MF in different solvents. (b) Time on
stream examination for the reaction of NA and 2-MF in decane. (523 K, 2-MF:NA = 1:5, total
initial feed concentration = 10-mol%, ambient pressure)

Figure 4.7 TOS result for the reaction of NA and 2-MF in (a) tetradecane (b) hexadecane. (523 K, 2MF:NA = 1:5, total initial feed concentration = 10-mol%, ambient pressure)

Similar solvent dependence was observed in the direct acylation of 2-MF with DA
(Figure 4.8). The 2-MF conversion was relatively stable when using decane to hexadecane
as solvent and using dodecane gave the highest stable conversion. However, the reactions
in hexane and octane gave almost no product and increasing the reaction temperature did
not help to increase the reaction rate. One possible explanation for the almost zero activity
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in the small-molecule solvent is that hexane and octane are very easy to vaporize because
of their high volatility, which can increase the sudden pressure in the reactor. Increasing
pressure in such large-molecule reactions is not favorable because it can cause
condensation of the heavy materials. This was confirmed by performing high-pressure
reactions.

Figure 4.8 Conversions (blue) and selectivities (green: 5-position acylation product; red: isomers)
of detectable products for the reaction of DA and 2-MF in different solvents. (523 K, 2-MF:DA =
1:5, total initial feed concentration = 10-mol%, ambient pressure)

The high-pressure reaction was performed in a similar continuous flow reactor that
was fed by an HPLC pump, with a backpressure regulator at the end to hold the pressure.
The reactions in hexane and octane were checked again under the similar conditions, only
the pressure was varied from ambient pressure to 40 bar. Regardless of increasing
deactivation rate, ramping pressure is beneficial for the material transfer and will allow
possible activities. However, no activity was observed in either solvent. A parallel
experiment in dodecane has shown that a high-pressure reaction is not favorable in this
type of direct acylation reaction. The result is shown in Figure 4.9 for the 2-MF conversion
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as a function of different pressure shown as different terrace. The initial 2-MF conversion
remained relatively stable under ambient pressure. As the pressure increased to 2 bars, a
significant increase in the 2-MF conversion was observed initially, but it instantly began
to decline in the following measurement. The consumption of 2-MF at the peak conversion
did not increase the amount of acylation product. Therefore, we believe that a portion of
the consumed 2-MF turned into oligomers. As pressure continued to rise, the conversion
of 2-MF showed a slight increase right after each pressure increment, but the clear trend
was that the conversion declined over time. The measurement at high pressure in dodecane
was stopped at 14 bars since there was almost no acylation product in the final products,
and most of the 2-MF consumed at this pressure turned into oligomers. When the pressure
was released to ambient pressure, the conversion did not recover, and there was still barely
any acylation product in the final products. Therefore, we conclude that high pressure is
not desirable in acylation with large molecules, as it would accelerate the adsorption of 2MF on zeolites and deactivate.

Figure 4.9 Direct acylation of DA and 2-MF in dodecane during increasing pressure. (523 K, 2MF:DA = 1:5, total initial feed concentration = 10-mol%)
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4.4 Discussion
Both our previous work on short-chain acid acylation[104] and the work in this
paper have shown the feasibility of this proof of concept of the reaction, and they have
indicated the proper conditions to use. High selectivity to the desired alkyl furan ketone
products was derived, and the electrophilic acylation that happened on the shoulders of
oxygen was more favorable than the reactions to form other isomers. Reactions with both
short-chain and long-chain acids have shown promising conversion, and the rates observed
from long-chain acids seemed to be enhanced compared to our previous work with the
short-chains. This might be because of the adoption of solvent that might have participated
in material transfer or chemical adsorption and desorption. However, the reaction rate of
the same long-chain acid acylation significantly differs in different solvents, and this
requires us to have a more intrinsic explanation of this phenomenon.
Many previous publications have suggested the importance of solvent in various
types of organic reactions[105-108], and Josephson et al. have confirmed by simulation
that solvent plays an important role in long-chain acid acylation[109]. Josephson’s work
used the acylation of furan with hexanoic acid over a hierarchical zeolite (SPP) at 523 K
as the probe reaction, and the reaction was estimated in both branched and non-branched
solvents (n-hexane, n-decane, n-tetradecane, 3,6-diethyloctane). As shown in Figure 4.10,
hexanoic acid was found to be more favorable in adsorption than other adsorbents at
ambient pressure (1 bar). The adsorption of solvent followed this sequence: n-tetradecane >
n-decane > n-hexane > 3,6-diethyloctane. This can be readily explained by the relative
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volatility of molecules of different sizes for the first three non-branched solvents and the
hardness for the branched 3,6-diethyloctane to enter micropores. Hexanoic acid is more

Figure 4.10 Unary adsorption of different molecules as a function of pressure. Hollowed shape
represents unsaturated adsorption and solid shape represents saturated adsorption; molecules are
labeled with different colors. (Reprinted from [109].)

favorable to be adsorbed on SPP than the heavier solvent molecules mainly because of its
high proton affinity (PA) and the contribution from hydrogen bonding. Because of the lack
of PA values for long-chain carboxylic acids in the literature, we proposed that they should
follow this trend based on reported data: propionic acid (797.2 kJ/mol) < butyric acid
(804.9 kj/mol) < pentanoic acid (806 kJ/mol) < hexanoic acid < nonanoic acid <
dodecanoic acid.[110] We noticed that the proton affinity of hexanoic acid could be only
slightly higher than that of furan (803.4 kJ/mol), but the adsorption under reaction
conditions is more favorable, which could due to the lower volatility of its higher molecular
weight, but more important is the effect of H-bonding. Being both a proton donor and
receiver, the adsorption of a carboxylic acid is always more favorable on a Brønsted
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catalyst through H-bonding. Therefore, the adsorption of carboxylic acid on zeolites is
always more favorable than furans. This also explains why acetic acid was preferred to be
adsorbed on H-ZSM-5 than both furans at stoichiometric ratio even though its proton
affinity (784 kJ/mol) is much lower.[104] However, with increasing pressure in Figure
4.10, the compact of smaller molecules became more efficient, and this resulted in a more
favorable but undesired adsorption of furans compared to acids, especially in micropores,
as the high-pressure reactions in Figure 4.9.
When extending the chain length of carboxylic acid from C6 to C12, the use of
solvent is necessary for material transportation. However, as Josephson noted, when the
molecular size of the solvent is much larger than the acid, the adsorption of solvent
molecules on mesopores becomes more favorable because of its higher adsorption heat,
while the adsorption of furans is more efficient in micropores. This was seen in the
acylation with NA using tetradecane or hexadecane as solvent. Increasing reaction pressure
is supposed to reduce the competence of adsorption for large molecules, but it can also
accelerate the adsorption of furan molecules that are undesired without pre-adsorbed acids.
In contrast, when using a much smaller solvent, the adsorption of large acid molecules
would be favorable on mesopores, and they would form aggregated H-bonding interactions.
Solvent with smaller size is not effective for desorption of large molecular species because
of their high desorption heat, and increasing temperature will result in a selective
ketonization of the adsorbed acids. Furans, in this case, are easy to compact in the activesite-rich micropores and oligomerize. The result would be little activity for hexane and
octane, as shown in Figure 4.8.
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4.5 Conclusion
Based on the previous discussion, reaction pressure and solvent choice are both
important for direct acylation with long-chain carboxylic acids. Even though high pressure
is more favorable for material transfer, it can also increase the adsorption of furans and
deactivate the reaction. For the best catalytic activity, the choice of solvent size is very
important, and it mainly affects the adsorption of reactants. When considering the unary
adsorption of relatively small reactants and solvents, three key factors affect the adsorption
process most significantly: molecular size, proton affinity, and hydrogen bonding.
However, for a much larger molecule system, the structure of zeolite catalyst also is
important. In this case, hydrogen bonding still plays an important role, but the effect of
molecular size becomes more significant, both sterically and thermodynamically. When
using a solvent with a much larger molecular size than reactants, the solvent preferentially
adsorbs on the catalytic surface and inhibits the adsorption of long-chain acid. However,
furan molecules are more easily compacted in the exposed pores and polymerized. Solvent
with a much smaller size also is not ideal in long-chain acid acylation, since it causes
aggregation of the large acid molecules on the mesoporous surface and forbids further
reactions. Therefore, to achieve the best reaction performance, using a solvent with a
molecular size close to that of carboxylic acid is always desired.
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DEHYDRA-DECYCLIZATION OF
TETRAHYDROFURANS TO DIENE MONOMERS OVER METAL
OXIDES3
Summary
The dehydra-decyclization of tetrahydrofuran (THF) to butadiene was investigated
over a series of metal oxide catalysts, where a common set of chemical pathways was
identified. Alongside butadiene, propene is formed via a Retro-Prins condensation as the
main side product typically observed. Reaction occurred at similar temperatures on each
of the oxides, but tetragonal zirconia (t-ZrO2) and monoclinic (m-ZrO2) were unique in
showing high selectivity to butadiene (>90%). Near quantitative yields to butadiene could
be achieved over t-ZrO2 at 673 K and a WHSV of 0.93 g THF g-cat-1 hr-1. Through contact
time studies, butadiene is determined to be a primary product. Methyl-substituted THF
gave only moderate increases in rates and the products showed minimal isomerization of
the carbon backbone. The t-ZrO2 catalyst was found to be relatively stable with time on
stream, experiencing coking as a likely source of deactivation. Complete regeneration of
the catalyst was demonstrated through calcination alone, allowing for multiple
regenerations with no irreversible loss in activity or selectivity. The catalytic activity of
zirconia was found to be structure insensitive, with t-ZrO2 and m-ZrO2 exhibiting similar
initial activities; however, m-ZrO2 was observed to deactivate much more rapidly.
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5.1 Introduction
Conjugated 1,3 dienes serve as a vital backbone of the polymer industry. Isoprene
is one of the main chemical feedstocks in car-tire manufacturing[55, 57, 62], in addition to
other rubber products; butadiene is used extensively for products ranging from composite
polymers, like acrylonitrile-butadiene-styrene (ABS)[60], and adiponitrile[111]. At present,
these dienes are obtained primarily as a by-product of naphtha cracking for production of
ethylene[32, 63]. With the recent availability of ethane from shale gas, there is no longer
the need to produce ethylene from naphtha cracking[112]. Therefore, other sources of
dienes are required, with “on-purpose” production technologies being highly desirable.
Recent work has demonstrated that butadiene[63], pentadienes[56, 63, 73] and
hexadienes[63, 73] can be synthesized by dehydra-decyclization of cyclic ethers, including
tetrahydrofuran (THF) and 2-methyltetrahydrofuran (2-MTHF). Given that 2-MTHF can
be produced in reasonably high yields from pentose sugars derived from
lignocellulose[113], the dienes produced in this way could also be renewable. However,
despite these proof-of-concept demonstrations, improved catalysts for these reactions are
required for these routes to diene synthesis to be economical[114]. Processes that deliver
high yields are required because, in addition to better utilization of feedstocks, this
dramatically reduces the energy consumption and capital costs of downstream separation.
In past work, the best results for the selective dehydra-decyclization of cyclic ethers
were achieved on solids that have Brønsted acidity. For example, Kumbhalkar et al.
explored a range of materials, including amorphous silica-alumina, H-ZSM-5, H-BEA, and

70

γ-Al2O3 and found that the amorphous silica-alumina catalyst showed the best performance,
with yields approaching 70%[73]. Because butadiene oligomerizes readily on the strong
Brønsted sites that are found on zeolites and silica-alumina, the selectivity at high
conversions were most likely limited by sequential reactions of the butadiene in this work.
Abdelrahman and co-workers also examined a series of Brønsted and Lewis solid acids
and again reported the best performance with catalysts that were Brønsted acids[63].
Interestingly, they reported diene selectivities greater than 90% on a phosphoric-acidinfiltrated, siliceous ZSM-5 (P-SPP). The acid sites in this material are known to be very
weak[115], which likely maximizes selectivity by minimizing further reaction of the
butadiene product. Unfortunately, rates on the P-SPP catalyst were low, necessitating the
use of prohibitively long residence times to achieve the required yields. Finally, a
theoretical investigation of the cyclic-ether reactions indicated that the reaction is limited
by the initial ring-opening step[116], implying that increased rates for ring opening could
improve the selectivity to dienes if oligomerization of products could be avoided.
In the present study, we set out to investigate other solid acids that would be capable
of catalyzing the dehydra-decyclization of cyclic ethers without oligomerizing the diene
products. WOx/ZrO2 was of interest because recent work has shown this material has
Brønsted sites that are of intermediate strength between that of aluminosilicates and PSPP[115]. Several metal oxides with Lewis acidity were also of interest because past work
showed differences in their reactivity towards alcohols[75, 77]. Lewis acids would also not
be expected to catalyze diene oligomerization.
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While WOx/ZrO2 was not found to be more selective than zeolite catalysts for this
reaction, the tetragonal phase of zirconia (t-ZrO2) was found to be both active and selective
for production of dienes, capable of providing yields approaching 90%. While the reaction
was not structure sensitive, strong differences in the stabilities of t-ZrO2 and monoclinic
zirconia (m-ZrO2) with time on stream were observed.
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5.2 Materials and Methods
5.2.1

Material Synthesis and Characterization
A list of the catalysts that were examined in this study is given in Table 5.1, while

XRD patterns for selected materials are shown in Figure A2.1. The ZrO2 samples were
prepared by dissolving zirconyl nitrate hydrate (1 g, ZrO(NO3)2·xH2O, 99%, Sigma
Aldrich in 10 mL deionized water, after which the solution was dried in oven at 333 K for
12 h and calcined in air at either 673 K for 5 h or 1173 K for 3 h to produce samples that
were either primarily tetragonal or monoclinic zirconia[117]. CeO2 and Nb2O5 were
synthesized from cerium (III) nitrate hexahydrate (Ce(NO3)2·6H2O, 99.5%, ACROS
organics) and niobium(V) oxalate hydrate (Alfa Aesar), respectively. 1 g of each salt was
dissolved in 10 mL of deionized water and dried at 333 K for 12 h. The CeO2 sample was
then calcined at 873 K for 3 h and the Nb2O5 was calcined at 923 K for 3 h. TiO2 was used
as received (AEROXIDE, TiO2, P25). The Al2O3 was purchased as γ-Al2O3 (min. 97%,
Strem Chemicals), but was calcined at 1173 K for 24 h before use. NH4-ZSM-5 was
purchased from Zeolyst International (CBV5524G, Si/Al=25 and CBV28014, Si/Al=140)
and converted to H-ZSM-5 by calcination in flowing air at 823 K for 6 hours. No significant
difference in selectivity was observed with the choice of different ZSM-5 zeolites.
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Table 5.1 BET surface area and Brønsted site density of the different catalysts.
Catalyst
H-ZSM-5
5R WOx/ZrO2
t-ZrO2
m-ZrO2
Al2O3
TiO2
CeO2
Nb2O5
a

Brønsted site densitya
(μmol g-1)
420
80
0
0
n.m.
n.m.
n.m.
n.m.

BET surface area
(m2 g-1)
425
58
84
20
120
50
89
10

Measured by 2-propanamine TPD-TGA.

n.m. – not measured.

The WOx/ZrO2 was prepared by Atomic Layer Deposition (ALD), using
procedures identical to that used in a previous study[118]. The ZrO2 in this case was a
mixture of tetragonal and monoclinic phases and was prepared by precipitation of an
aqueous solution of ZrO(NO3)2·xH2O using ammonia. ALD was performed in a static
system using W(CO)6 and O2 as the precursor and oxidant, respectively. Samples with
varying WOx loadings were tested for the dehydra-decyclization of THF; however, since
the results for all WOx/ZrO2 samples were similar, only those results for the sample with 5
ALD cycles (5R WOx/ZrO2, WOx loading of 10.1-wt%) will be reported. Of the WOx/ZrO2
catalysts prepared by ALD, the sample with 5 ALD cycles had the maximum Brønsted site
concentration,

80

µmol/g

as

measured

by

temperature

programmed

desorption/thermogravimetric Analysis (TPD-TGA) of 2-propanamine[118].
X-ray diffraction (XRD) patterns for the various samples were measured on a
Rigaku MiniFlex diffractometer equipped with a Cu Kα source (λ = 154.05 pm). BET
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measurements were performed using N2 at 78 K on a home-built adsorption system. TPDTGA measurements were carried out in vacuum on 50-mg samples placed in the sample
pan of a CAHN 2000 microbalance[81]. After heating the sample in 10-7 Torr to 823 K,
the sample was cooled to room temperature, exposed to ~10 Torr of vapor from the
adsorbate of interest, and then evacuated for 1 h. Desorption measurements were performed
by heating the sample at 10 K/min while measuring the partial pressures with an SRI
quadrupole mass spectrometer (RGA100).
5.2.2

Catalytic Testing
Catalyst testing was performed in two similar, fixed-bed reactors at the University

of Massachusetts Amherst and the University of Pennsylvania. Samples, ~200 mg in size,
were placed in the center of ¼-in, tubular reactors and held in place with glass wool. All
reaction experiments were performed at atmospheric pressure. Prior to measuring
conversions, the catalyst samples were calcined in situ at 673 K in flowing air. Liquid
reactants were introduced into a flowing stream of He using a syringe pump (PHD 2000
Infusion, Harvard Apparatus). On-line analysis of the reactor effluents was performed with
either a gas chromatograph (Agilent 7890B), equipped with a quantitative carbon detector
(PolyarcTM, QCD[119]) and a flame ionization detector (FID), using an HP-PLOT Q
column (Agilent, 19091P-QO4), or with a GC-Mass Spec (QP5000, Shimadzu), using a
capillary column (HP-INNOWAX, Agilent Technologies). Carbon balances closed to
within ±10% for all reported measurements. Reactants were purchased and used without
further treatment: tetrahydrofuran (≥99.9%, Sigma Aldrich), 2-methyltetrahydrofuran
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(≥99%, Sigma Aldrich) and 2,5-dimethyltetrahydrofuran (≥96%, mixture of cis- and trans-,
Sigma Aldrich).
Microcatalytic screening was carried out in a reactor setup previously described[56,
63]. Briefly, the catalyst was placed within a gas chromatograph (GC) quartz inlet liner,
where the GC can then control the temperature of the catalyst. Furan pulses were
introduced to the catalyst bed using an automated liquid sampler, injecting 1.0 μL liquid of
the desired furan at a rate of 1.0 μL min-1. The injected liquid contacted deactivated quartz
wool placed above the catalyst bed where the liquid evaporated and was carried by a He
carrier stream over the catalyst bed; the resulting products then exited the GC inlet liner
and entered the GC column/detector for separation and quantification.
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5.3 Results & Discussion
Over the various solid-acid catalysts investigated, the main carbon containing
products observed were butadiene, propene, butene and butanal (Figure 5.1). All four
product groups are proposed to share a common reaction intermediate: a ring-opened THF
species stabilized on the catalyst surface[73, 116]. Once the ring-opened THF species is
formed, it can then diverge in chemical pathways to reach the four main product groups.
The intermediate can undergo dehydration to produce the desired product of butadiene.
Alternatively, an equimolar amount of propene and formaldehyde can form through a
Retro-Prins condensation pathway. Keto-enol tautomerization of the ring opened THF
species leads to the formation of butanal, which can then undergo self-aldol condensation
to form larger hydrogen-donor species[120, 121]. These hydrogen donors are then
proposed to reduce butadiene, leading to the formation of the observed butene(s)
product[120].
Retro-Prins

Ring Opening

Dehydration

Tautomerization
Hydrogen Transfer

Figure 5.1 Overall chemical pathways to the various products observed (Butadiene, Propene,
Butene and Butanal), proceeding through a proposed ring opened intermediate.
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5.3.1

Initial Catalyst Screening
An initial evaluation of each catalyst in Table 5.1 was performed by measuring the

conversion and product selectivities as a function of temperature at a fixed THF partial
pressure (PTHF = 38 Torr), maintaining a constant weight-hourly space velocity (WHSV =
0.93 g THF g-cat-1 hr-1, Figure 5.2). To minimize the effect of catalyst deactivation, reactor
temperatures were ramped rapidly (25 K min-1) to the indicated measurement condition, so
that measurements over the entire temperature range could be made in approximately 2
hours. At each temperature, the conversion and product distributions were measured twice,
with the results in Figure 5.2 showing the average of the two measurements. Although
some catalyst deactivation occurred at the higher temperatures, there was no evidence that
selectivity was severely affected by deactivation, as evidenced by the fact that results from
sequential measurements were nearly identical (See Appendix, Table A2.1).
Results for the two catalysts that had significant Brønsted acidity, H-ZSM-5 and
5R WOx/ZrO2, are shown in Figure 5.2(a) and Figure 5.2(b). H-ZSM-5 was considerably
more active, exhibiting a conversion approaching 100% at 673 K, while the conversion on
5R WOx/ZrO2 was less than 50% at that temperature. This is partly due to the weaker
Brønsted acidity of 5R WOx/ZrO2, indicated by the 100 K higher onset-of-reaction
temperature on 5R WOx/ZrO2 relative to H-ZSM-5. The significantly larger Brønsted acid
site density of H-ZSM-5 (420 µmol/g on H-ZSM-5 versus 80 µmol/g on 5R WOx/ZrO2)
also affects the difference in observed activity. 5R WOx/ZrO2 was found to be more
selective to butadiene than H-ZSM-5 across all conditions, with maximum selectivities of
45% at 623 K (5R WOx/ZrO2) and 35% at 523 K (H-ZSM-5). The major side products
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observed for both catalysts were propene, butene and butanal. The formation of propene,
together with CO2 that likely forms by decomposition of formaldehyde, indicated that
Retro-Prins condensation was a major side reaction.

Figure 5.2 Catalytic screening of tetrahydrofuran dehydra-decyclization from 423 ~ 773 K, at 38
Torr THF and WHSV of 0.93 g THF g-cat-1 hr-1. (a) H-ZSM-5 (b) 5R WOx/ZrO2 (c) t-ZrO2 (d) mZrO2 (e) Al2O3 (f) TiO2 (g) CeO2 (h) Nb2O5. (THF conversion: , product selectivity is represented
by bars with different colors, i.e. yellow: propene, red: butene(s), blue: butadiene, green: butanal.)

The results for t-ZrO2 and m-ZrO2, Figure 5.2(c) and Figure 5.2(d), are
significantly more interesting. On both samples, conversions were negligible below 573 K;
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however, above this temperature, the selectivity to butadiene was greater than 80%.
Conversions were significantly higher on t-ZrO2, possibly due to its higher surface area (84
m2 g-1 tetragonal vs. 20 m2 g-1 monoclinic). The high selectivity to butadiene was
maintained under all reaction conditions tested, even at elevated conversions and
temperatures. At 723 K, the yield to butadiene over t-ZrO2 was approximately 80% in this
initial screening. The major side products were propene and butene.
Results on the other oxides were less promising. γ-Al2O3 was found to be a
relatively active catalyst, but with limited selectivity to butadiene (<15%, Figure 5.2(e)).
TiO2 was reasonably selective to butadiene (~40%), more so than either H-ZSM-5 or 5R
WOx/ZrO2; but butene and propene were still major side products (Figure 5.2(f)). CeO2
also showed reasonable selectivity at 673 K (~60%, Figure 5.2(g)), but butene and propene
were still formed in significant concentrations. THF conversions on Nb2O5 were much
lower (Figure 5.2(h)), due at least in part to its lower surface area, making the comparison
to the other oxides difficult. However, it is worth noting that the surface area of the Nb2O5
sample was only a factor of two lower than that of m-ZrO2, for which the conversion and
selectivity were both significantly larger. Nevertheless, the selectivity to butadiene over
Nb2O5 was found to be relatively limited (~ 40%).
Overall, the following trend for selectivity to butadiene was established (Figure
5.3):
t-ZrO2 ≈ m-ZrO2 >> CeO2 > Nb2O5 ≈ TiO2 > 5R WOx/ZrO2 > H-ZSM-5 > γ-Al2O3
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Clearly, the two Brønsted acids in this group of materials were not selective but the trend
among Brønsted acids tested suggests that weaker acids are better, with P-SPP > 5R
WOx/ZrO2 > H-ZSM-5[115]. Lewis-acid strength is much more difficult to define or
measure; however, if one takes the TPD peak temperature for the 2-propanol dehydration
reaction as a measure of Lewis-acid strength, there appears to be a trend between selectivity
and Lewis-acid strength. TPD-TGA data for 2-propanol are shown in Figure A2.2 of the
Appendix and propene peak desorption temperatures are listed in Table A2.2. Based on
these values, the two zirconia samples are the weakest of the solid acids as well as the most
selective, followed by CeO2. Obviously, the properties of ZrO2 and CeO2 cannot all be
explained in terms of Lewis acidity but the correlation between 2-propanol dehydration
temperatures and butadiene selectivities is still intriguing. It also is interesting to notice
that alcohol dehydration[122-124] and alkene-aldehyde Prins condensation[125-127], two
chemistries strongly related to dehydra-decyclization, are also strongly affected by the
strength of the solid acid.

THF Conversion/ Butadiene Sel. [%]

100
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80
70
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40
30
20
10
0

Figure 5.3 THF conversion and selectivity to butadiene on different catalysts at 673 K, 38 Torr
THF and WHSV of 0.93 g THF g-cat-1 hr-1. (THF conversion: , selectivity to butadiene: blue bar.)
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5.3.2

TPD-TGA Measurements
In order to gain insights into the reactions, TPD-TGA measurements were

performed for THF on the samples in Table 5.1. Results for the two Brønsted-acid catalysts
are shown in Figure 5.4, while those for two representative Lewis acids, t-ZrO2 and TiO2,
are shown in Figure 5.5. Data for other solid acids from Table 5.1 are reported in Figure
A2.3 in Appendix. A comparison between H-ZSM-5 and 5R WOx/ZrO2 in Figure 5.4
demonstrates clear differences between these materials. The TPD-TGA results for THF on
H-ZSM-5, Figure 5.4(a), shows that some unreacted THF desorbed intact at lower
temperatures but significant product desorption was observed starting at 450 K. (Note: We
have not shown the water desorption curves because they occurred over a wide temperature
range on the oxide samples, as discussed elsewhere[128].) It is also not easy to identify
hydrocarbon products from the mass spectra but simultaneous evolution of products with
peaks at m/e = 41, 54, and 56 suggest that a complex mixture of hydrocarbons is formed.
Given that the primary products from the reaction of THF are expected to oligomerize
rapidly[92], the desorbing species are likely formed by cracking of these oligomers. A
further observation of a series of peaks represented by m/e = 67 at 600 K also suggests
formation of oligomers on the strongly Brønsted acidic H-ZSM-5. Results for 5R
WOx/ZrO2 (Figure 5.4(a)) are significantly simpler. Starting from an initial coverage of
~70 μmol/g (7.3x1017 molecules/m2), about half of the THF desorbed intact at lower
temperatures, while the rest desorbed as a product in a relatively sharp peak centered at
520 K. The fact that this product had a major peak at m/e = 54, with no peaks at either m/e
= 41 or 56, implies that the product was almost pure butadiene. Given the simple product
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slate, it is surprising that 5R WOx/ZrO2 was not a selective catalyst for the steady-state
reaction. However, the disappearance of product peaks around 520 K and 600 K on 5R
WOx/ZrO2 compared to H-ZSM-5 indicates oligomerization is less likely to happen on a
weaker Brønsted acid[92, 115]. This is consistent with the observation that strong Brønsted
acids are not selective for THF dehydra-decyclization.

Figure 5.4 Temperature Programmed Desorption - Thermogravimetric Analysis of THF on (a) HZSM-5 (b) 5R WOx/ZrO2. The TPD peaks correspond to THF (m/e = 72,41), butadiene (m/e = 54),
butene (m/e = 56), propene (m/e = 41), CO2 (m/e = 44), H2 (m/e = 2), oligomer cracking species
(m/e = 41, 54, 56, 67).

The comparison of the two representative Lewis acids, TiO2 and t-ZrO2, in Figure
5.5 is also of interest. The initial coverage of THF after evacuation was approximately
1x1018 molecules/m2 on both samples and about half of this again desorbed unreacted
below 500 K. With TiO2, desorption curves (Figure 5.5(a)) were similar what was
observed on 5R WOx/ZrO2, with most of the product leaving the sample as butadiene (m/e
= 54) in a peak at 600 K. A small amount of propene (m/e = 41) was also formed
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simultaneously. On t-ZrO2, the products formed above 500 K were different (Figure
5.5(b)). Large amounts of propene and H2 (m/e =2) desorbed almost simultaneously with
the butadiene around 600 K, with additional H2 and CO2 (m/e =44) leaving the sample
above 650 K. A review of the results in Figure 5.5 and Figure A2.3 shows that t-ZrO2 and
m-ZrO2 were unique among the oxides in showing the formation of H2 and propene
desorbing with the butadiene and in showing CO2 and H2 forming at higher temperatures.
A plausible explanation is that H2 and CO2 are formed via the decomposition of
formaldehyde, a product of the Retro-Prins condensation (C4H8O→C3H6+CH2O).
Formaldehyde readily decomposes to H2 and CO even at room temperature and could be
responsible for the H2 peak observed around 600 K. Because zirconia may be somewhat
reducible[129], CO2 may form by reaction of CO, forming carbonates, bicarbonates or even
formates which decompose above 650 K [130-132].

Figure 5.5 Temperature Programmed Desorption - Thermogravimetric Analysis of THF on (a)
TiO2 (b) t-ZrO2. The TPD peaks correspond to THF (m/e = 72,41), butadiene (m/e = 54), butene
(m/e = 56), propene (m/e = 41), CO2 (m/e = 44), H2 (m/e = 2).
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Another typical feature we noticed on both forms of ZrO2 is that the center of
desorption peak of butadiene appears about 20 K earlier than propene (Figure 5.5(b),
Figure A2.3(a)), while it converses on almost all other oxides. The difference is even large
as 50 K on 5R WOx/ZrO2 with the center of propene peak locates around 470 K and 520 K
for butadiene. This indicates that the activation energy of dehydra-decyclization of THF to
butadiene is possibly lower than other side reactions on ZrO2 as nature, but higher on other
catalysts that we tested. The result on 5R WOx/ZrO2 is similar with the previous work by
Li et al. on H-ZSM-5 that the activation energy of Retro-Prins reaction is lower than
dehydra-decyclization and can possibly be a general rule for Brønsted acids[116].
What is surprising about the results in Figure 5.5 is that the nonselective RetroPrins products are formed so cleanly on the most selective catalyst. While it is certainly
true that the steady-state reaction conditions are very different from that which the
surface experiences in TPD, there is often reasonably good correspondence between the
two measurements and further investigation is required.
5.3.3

Dehydra-decyclization of Methyl Substituted Furans
It seems likely that the reaction intermediates on Lewis-acid catalysts differ

significantly from those which are formed on Brønsted acids. Over purely Brønsted acidic
catalysts, a carbocation mechanism has been invoked to explain the dehydra-decyclization
chemistry[116]. This is consistent with the rate of ring opening acting as a dominant ratedetermining step, involving the formation of a carbocation species at the 2 or 5 ring position.
To gauge whether this mechanism holds true over ZrO2, we measured the rate of diene
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formation over cyclic ethers with varying degrees of methyl-substitution (THF, 2-MTHF
and 2,5-DMTHF). The more stable tertiary carbocation formed from 2,5-DMTHF will lead
to an increased rate of diene formation relative to the secondary carbocation of THF. Over
H-ZSM-5, we find that the rate of diene formation significantly increases with methyl
substitution (Figure 5.6). Relative to the rate of THF dehydra-decyclization, the rate of 2MTHF and 2,5 DMTHF is 8 and 20 times larger, respectively. Similarly, over an H-ZSM5 catalyst (Si/Al = 140), Dauenhauer et. al recently reported that only methyl substitution
at the 2 and 5 carbon position leads to an increase in the rate of diene formation[74].
Dumesic et. al also reported a similar result over amorphous silica alumina, where
tetrahydrofuran and tetrahydropyran (THP) were also found to be comparable in
activity[73]. While the same qualitative trend is observed over ZrO2 (2,5-DMTHF > 2MTHF > THF), the relative rate enhancement with increasing methyl substitution is
significantly reduced. For example, the rate of diene formation from 2,5-DMTHF over
ZrO2 is 7 times faster than from THF. This is significantly smaller than the factor of 20
experienced over Brønsted acidic catalysts. Similarly, when comparing the relative rates
of 2-MTHF and 2,5-DMTHF, a marginal change is experienced with ZrO2 compared with
the large increase (2-3 times) over H-ZSM-5. This suggests that, while a carbocation
mechanism could also be relevant to dehydra-decyclization over ZrO2, it is not as
kinetically relevant as with purely Brønsted acidic catalysts like H-ZSM-5.
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Figure 5.6 Comparison of relative rate of dehydra-decyclization of THF, 2-MTHF and 2,5DMTHF over H-ZSM-5 (red) and ZrO2 (blue) at 523 K. The reaction rate on each catalyst is
normalized by the rate of THF dehydra-decyclization.

The difference in the nature of dehydra-decyclization over the two catalysts is also
apparent when considering the extent of diene isomerization. While aluminosilicates are
moderately selective to pentadienes from 2-MTHF[63, 73], the ratio of 1,3 to 1,4
pentadiene selectivity (S1,3/S1,4) is approximately equal to two across a range of operating
conditions. Conversely, t-ZrO2 shows a ratio of ~ 26 at 673 K that is stable with time on
stream (Appendix, Figure A2.4). This order of magnitude difference in the relative
selectivity of 1,3 and 1,4 pentadiene demonstrates the lack of isomerization over zirconia,
again suggesting a reduced carbocation character relative to aluminosilicates. Even with
weaker Brønsted acids, like all-silica phosphorous containing zeolites (P-SPP), a relatively
low ratio of ~ 4 is observed[63].
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5.3.4

Catalytic Stability of ZrO2
In addition to ZrO2 being an active and selective catalyst for the dehydra-

decyclization of THF, it is necessary that it be able to maintain its desirable catalytic
performance under reaction conditions. To this end, we examined the catalytic stability of
ZrO2 by monitoring the activity of the catalyst for 10 hours on stream at 673 K. Given the
difference in specific surface areas (Table 5.1), catalyst masses of 0.2 and 0.8 g were used
for the t-ZrO2 and m-ZrO2 samples, respectively, to ensure measurements were performed
with the same total catalyst surface area. It is worth noting that the selectivity to butadiene,
propene and butene over t-ZrO2 did not vary with WHSV, indicating that they are all
primary products (Appendix, Figure A2.5).
An earlier comparison of the two phases of zirconia at 673 K showed that t-ZrO2 is
more active, as indicated by a larger conversion on a mass normalized basis (fixed WHSV,
Figure 5.3); however, the initial conversions of THF were nearly 100% on both phases at
this temperature. Both zirconia catalysts were significantly more active than the most
selective P-SPP catalyst previously identified. That sample showed 83% conversion and a
butadiene selectivity of 87% at 673 K with a WHSV of 0.04 g THF g-cat-1 hr-1 [63]. A
similar conversion was achieved on both zirconia samples at a WHSV more than an order
of magnitude higher (0.93 g THF g-cat-1 hr-1). Despite the higher activity with ZrO2, the
selectivity to butadiene was comparable on both catalysts.
Significant deactivation was observed on both zirconia phases after 10 hours on
stream (Figure 5.7(a)). THF conversion decreased to ~ 60% and 20% on tetragonal and
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monoclinic zirconia, respectively. m-ZrO2 also exhibited a rapid drop in conversion during
the first 2 hours on-stream, while the conversion decay in a steady manner on t-ZrO2. The
selectivity to butadiene on both catalysts remained unchanged as a function of deactivation
(Figure 5.7(b)). This suggests that the mode of deactivation leads to a reduction in the
number of available active sites, rather than a change in their nature. Given the presence of
hydrocarbons over a solid acid at moderately high temperatures, deactivation is likely due
to coking, to which tetragonal zirconia appears to be more resistant.
We investigated whether the catalytic activity could be restored by removing
possible carbonaceous deposits. First, the catalysts were regenerated through an in-situ
calcination at 673 K (Figure 5.8). The catalyst activity was found to be completely restored
following this treatment, consistent with the proposed coking deactivation mechanism. The
activity profile for the regenerated catalyst with time on stream was also found to be
identical to that of the fresh catalyst, even after multiple regenerations. Regeneration of mZrO2 showed identical results, with the catalytic activity again restored and an identical
deactivation profile observed after regeneration (Appendix, Figure A2.6).
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Figure 5.7 Dehydra-decyclization of THF on tetragonal ( ) and monoclinic ( ) ZrO2 at 673 K, 38
Torr THF and WHSV of 0.93 and 0.23 g THF g-cat-1 hr-1 for t-ZrO2 and m-ZrO2, respectively (0.01
g THF m-2 ZrO2 hr-1) (a) THF conversion with time on stream (b) Selectivity to butadiene with
time on stream.

Figure 5.8 Dehydra-decyclization of THF on tetragonal ZrO2 at 673 K, PTHF = 10 Torr and WHSV
= 0.6 g THF g-cat-1 hr-1 (a) Conversion of THF with time on stream on a fresh sample of ZrO2,
followed by multiple calcinations at 673 K to regenerate the catalyst (b) Selectivity to Butadiene,
Propene and Butene over fresh and regenerated catalysts. Product selectivity did not vary with time
on stream.
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To quantify the surface concentration of deactivating surface species, the spent
catalysts were calcined in flowing oxygen while measuring the moles of CO2 evolved.
Each catalyst was first exposed to conditions identical to those of Figure 5.7 (673 K,
PTHF = 38 torr, WHSV = 0.93 g THF g-cat-1 hr-1) for 10 hours on stream, then transferred
to another flow reactor equipped with an on-line mass spectrometer. Prior to calcination,
the catalyst was exposed to 20 sccm of He for 1 hour at 673 K to remove any light
residual adsorbates. The catalysts were then calcined at 873 K in a 1 sccm stream of pure
oxygen, after which the catalyst was collected and weighed to confirm no significant loss
in mass relative to the fresh catalyst. The total amounts of CO2 that evolved during
calcination of the ZrO2 catalysts is shown in Table 5.2, 220 μmol g-cat-1 for t-ZrO2 and
150 μmol g-cat-1 for m-ZrO2. If we assume that the entire carbon loss under reaction
conditions turned into condensed organics (detected as CO2, Table 5.2), the carbon
balances on both t-ZrO2 and m-ZrO2 would still be greater than 99%. Comparing the
amount of CO2 per surface area of catalyst, t-ZrO2 appears to be more resistant to coking
than m-ZrO2, with 2.6 μmol CO2 m-2 and 7.5 μmol CO2 m-2, respectively. This
conclusion is consistent with the more stable activity profile of t-ZrO2 with time on
stream (Figure 5.7(a)).
Table 5.2 Quantification of deactivating species on both zirconia phases.
ZrO2 phase
Tetragonal
Monoclinic

CO2 from spent catalyst calcination
(μmol g-cat-1)
220
150
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CO2 adsorption @ 673 K
(μmol m-2)
0.6
1.0

5.3.5

COx as Deactivating Species
It has been reported that CO and CO2 adsorb on zirconia by forming surface

carbonates[130, 131] and that high temperatures are required to desorb and regenerate the
original zirconia surface. In our reaction, CO2 has been observed as a side product while
CO is potentially formed from the decomposition of formaldehyde. We therefore
investigated the possibility that deactivation is due to carbonate formation by measuring
the adsorption of CO2 on the ZrO2 catalysts at relevant reaction conditions. Both catalysts
were pretreated in 20 sccm He at 673 K for 30 min to remove water. After this pretreatment,
the flow was switched to a 20 sccm stream of pure CO2 until the point of saturation, then
switched back to He, followed by heating to 873 K at a rate of 10 K min-1. The amount of
adsorbed CO2 per unit surface area on t-ZrO2 was lower than that on m-ZrO2, with values
of 0.6 μmol m-2 and 1.0 μmol m-2, respectively (Table 5.2). However, both of these values
are significantly lower than the amount of CO2 that evolved from the deactivated catalysts
during calcination. Therefore, CO2 adsorption on ZrO2 likely plays only a very minor role
in deactivation compared to hydrocarbon coking.
5.3.6

Apparent Energetics of Dehydra-decyclization on ZrO2
To further confirm the structure insensitive nature of dehydra-decyclization on

ZrO2, we measured the apparent activation energy of dehydra-decyclization over both
catalysts. Utilizing a pulsed micro reactor, in which small amounts of THF (1 µL, 12.4
µmol) were individually introduced, the catalytic behavior of the two phases could be
compared in the absence of significant deactivation. At 673 K, both achieved nearly
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identical selectivities to butadiene (95% monoclinic, 97% tetragonal) at non-trivial THF
conversion levels (> 10%). Furthermore, we found the apparent activation energies of the
reactions on the two phases over the temperature range of 573 to 673 K to be statistically
indistinguishable. The apparent activation energies for butadiene formation from THF
were measured to be 15.6 ± 2.9 and 17.8 ± 0.8 kcal mol-1 over tetragonal and monoclinic
ZrO2, respectively (Figure 5.9). While the activity of the two phases is different, this
difference cannot be attributed to the nature of the active sites. This is further underscored
by the relatively fixed ratio of rates for butadiene formation over the two phases
(rtetragonal/rmonoclinic ~ 2.5), which are likely explained by a difference in the active site density
of the two phases, leading to fixed ratio of rates and identical activation energies. Therefore,
we suggest that there are no intrinsic differences in the nature of the active site for the two
phases; monoclinic ZrO2 is simply more susceptible to deactivation via coking.

Rate [µmol gZrO2-1 s-1]

1000

Ea,tetragonal = 15.6

2.9 kcal mol-1

100

10

1
1.45

Ea,monoclinic = 17.8

1.5

1.55

0.8 kcal mol-1

1.6

1000/T

1.65

1.7

1.75

1.8

[K-1]

Figure 5.9 Comparison of activation energies between monoclinic ( ) and tetragonal ( ) ZrO2 for
butadiene formation from THF.
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5.4 Conclusion
The dehydra-decyclization of THF and other methyl substituted furans were
investigated over metal oxides. While previous reports have focused on the use of Brønsted
acidic catalysts, we demonstrate here the utility of oxides with Lewis acidity. High
selectivity to butadiene from THF is achieved over a bulk ZrO2 catalyst (> 90%), with near
quantitative yields at reasonable weight hourly space velocities (~1 g THF g-cat-1 h-1).
Preliminary mechanistic investigations of ZrO2 suggest that product distributions are
similar to what is reported for purely Brønsted acidic materials, like H-ZSM-5; however,
the energetics for the reaction are significantly different and warrant further investigation.
Monoclinic zirconia is found to deactivate much more rapidly compared to tetragonal
zirconia, even though the two phases exhibit similar initial activities. Deactivation occurs
due to coking but is completely reversible by simple calcination. Ultimately, we have
demonstrated that the commonly employed catalyst support material, ZrO2, can act as an
effective catalyst in of itself for a complex chemistry.
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SELECTIVE

DEHYDRA-DECYCLIZATION

OF

CYCLIC ETHERS TO CONJUGATED DIENES OVER ZrO24
Summary
Zirconium oxide (ZrO2) provides high selectivity (> 85%) to conjugated
pentadienes (isoprene and 1,3-pentadiene) through the dehydra-decyclization of C-5 cyclic
ethers, even at high conversions. 1,3-Pentadiene was formed as the major product in both
the dehydra-decyclization of 2-methyltetrahydrofuran (2-MTHF) and tetrahydropyran
(THP) over ZrO2, with relatively limited formation of non-conjugated 1,4-pentadiene. The
reaction of 3-methyltetrahydrofuran (3-MTHF) produced nearly stoichiometric amounts of
isoprene. Other catalysts that were tested, including TiO2, -Al2O3, and H-ZSM-5, were
generally much less selective and the dienes that were produced included a mixture of
isomers. A combination of temperature programmed desorption and steady-state, contacttime measurements revealed that both 1,3 and 1,4-pentadiene are exclusively produced
through primary catalytic pathways from the reaction of 2-MTHF, avoiding any
isomerization once formed. First-principle calculations of adsorbates on the surface of
ZrO2 imply the presence of an energetically favored, surface isomerization of ring opened
intermediates to a conjugated alkenolate that selectively dehydrates to conjugated dienes,
thus providing high selectivity to 1,3-pentadiene from both 2-MTHF and THP. The
stabilization of the conjugated alkenolate is key for understanding the ability of ZrO2 to
selectively produce conjugated dienes from cyclic ethers, without the need for diene
isomerization that can be thermodynamically limited.
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6.1 Introduction
Conjugated pentadienes, both isoprene and piperylene (cis+trans 1,3-pentadiene,
1,3-PD), are important monomers in the chemical industry.[55-59] Isoprene is used
primarily in the production of synthetic rubber;[57] piperylene is a key component in
certain plastics, adhesives, and resins.[61] Currently, they are produced primarily as a side
product of ethylene production through naphtha cracking.[27, 133] However, with the
advent of ethylene production from shale-gas-derived ethane, on-purpose production of
dienes has become increasingly attractive, particularly from renewable feedstocks.[27, 112,
133]
The selective production of butadiene through acid-catalyzed dehydradecyclization of biomass-derived

tetrahydrofuran (THF)

has

been previously

demonstrated.[32, 63] The dehydra-decyclization of methyl-substituted THF similarly
leads to pentadienes; however, these larger diolefins face the additional challenge of isomer
selectivity.[56, 73] In addition to piperylene and isoprene, 1,4-pentadiene (1,4-PD), a nonconjugated diene that cannot be easily polymerized with itself or other monomers, is also
produced.[73] Increasing dehydra-decyclization yields by increasing cyclic ether contact
time over Brønsted acids leads to more thermodynamically equilibrated pentadiene
mixtures.[74] This poses significant downstream challenges for the overall process because
the purification of pentadiene mixtures is non-trivial. The relative volatilities of piperylene,
1,4-PD, and isoprene are similar, necessitating the use of separation methods beyond
ordinary distillation. Extractive distillation, reactive distillation, and cryogenic distillation
are frequently employed to purify mixed diene streams into their respective isomers,
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significantly adding to the capital and operating costs of renewable diene production.[61,
114, 134] The development of catalysts that selectively catalyze the dehydra-decyclization
of cyclic ethers to a single diene isomer would therefore avoid the need for energy intensive
separations.
The majority of research on dehydra-decyclization of cyclic ethers has involved
solid Brønsted acids, including heteroatom containing zeolites and amorphous silica
aluminas.[56, 63, 73, 74] For example, pentadiene yields approaching 70% were achieved
from 2-methyltetrahydrofuran (2-MTHF) over amorphous silica alumina.[73] Because
dienes readily oligomerize on strong Brønsted acid sites, others proposed using the much
weaker Brønsted acids formed in the borosilicate, H-[B]ZSM-5,[74] and in phosphoric acid
impregnated, self-pillared pentasil, SPP.[56, 63] Higher selectivity was achieved over these
catalysts but at the expense of reduced catalytic activity. By comparison, metal oxides with
Lewis acidity have received less attention, but promising results were recently reported
using a zirconia catalyst for the reaction of tetrahydrofuran (THF) to butadiene.[135]
In the present work, we have examined the dehydra-decyclization of three C-5
cyclic ethers, 2-MTHF, 3-methyltetrahydrofuran (3-MTHF), and tetrahydropyran (THP),
over ZrO2, TiO2, -Al2O3, and H-ZSM-5. These four catalysts were chosen as being
representative of solid Lewis and Brønsted acids. Regardless of cyclic ether identity,
similar reaction types were observed from the three cyclic ethers, and they showed
consistency with other published works.[63, 73, 135] A general scheme of observed
reactions are shown in Figure 6.1 with three major types of reactions: (1) dehydradecyclization of cyclic ethers to corresponding diene products, (2) retro-Prins condensation
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of cyclic ethers to butene(s) and formaldehyde with formaldehyde instantly decomposed
at the reaction temperature,[74, 126, 127] (3) a further reduction of the C-5 diene products
to pentene(s) by the large hydrogen-donor species that polymerized from tautomerization
products, such as pentanal.[121, 135, 136] Besides these three reactions, cyclic ether
skeletal isomerization was also observed on TiO2 and Al2O3 in some cases, leading to an
undesired mixture that need further separation. However, such isomerization never
occurred on ZrO2, which was consistently found to be the most selective for pentadiene
formation among the catalysts examined, typically exhibiting >90% selectivity, even at
high conversions. Furthermore, the pentadiene isomer distribution over ZrO2 was distinctly
different from that found on the other catalysts, with each of the cyclic ethers forming
primarily one isomeric product (1,3-PD or isoprene). 2-MTHF and THP dehydradecyclization over ZrO2 was highly selective to only 1,3-pentadiene, while isoprene was
predominantly formed from 3-MTHF. Density-functional-theory (DFT) calculations
revealed that conjugated pentenolate intermediates are stabilized on ZrO2 relative to their
non-conjugated isomers, leading to the high degree of conjugated isomer specificity that
was experimentally observed.
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Figure 6.1 Observed reactions from (a) 2-MTHF, (b) 3-MTHF, (c) THP.
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6.2 Materials & Methods
6.2.1

Catalyst Preparation
ZrO2 was prepared by first dissolving zirconyl nitrate hydrate (ZrO(NO3)2·xH2O,

99%, Sigma Aldrich) in deionized water (1 g precursor/10 mL H2O).[117] The solution
then was dried at 333 K for 12 h and calcined in a muffle furnace at 673 K for 5 h. X-Ray
diffraction (XRD, Figure A3.1) indicated that the zirconia was majorly in the tetragonal
form (t-ZrO2). TiO2 (P25) was purchased from AEROXIDE and used as received. γ-Al2O3
was purchased from STREM chemicals (min. 97%) and calcined in static air at 1173 K for
24 h before use. NH4-ZSM-5 was obtained from Zeolyst (CBV5524G, SiO2/Al2O3 =50)
and converted to its acidic form (H-ZSM-5) by heating in dry, flowing air (100 mL/min)
at 823 K for 6 h.
6.2.2

Steady-State Catalytic Measurement
Catalytic reaction rates were measured in a tubular flow reactor (0.25-in stainless-

steel tube), in which ~0.2 g of catalyst was sandwiched between two plugs of glass wool.
All measurements were performed at 1 atm total pressure. Liquid reactants, 2methyltetrahydrofuran (2-MTHF, 99%, Alfa Aesar), 3-methyltetrahydrofuran (3-MTHF,
≥95.0%, TCI America), tetrahydropyran (THP, 98+%, Alfa Aesar), or 4-penten-1-ol
(4P1OL, 99%, Sigma Aldrich), were introduced into a 20 sccm stream of He (UHP
99.999 %, Airgas) using a syringe pump (PHD 2000 Infusion, Harvard Apparatus). To
avoid condensation of reactants and products, lines leading to and from the reactor were
heated to 423 K using heating tape. Prior to measuring catalytic activities, the samples were
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calcined in-situ at 673 K. After flushing with He and switching to the reactant mixture,
product concentrations were analyzed twice at each temperature. To mitigate the effect of
catalyst deactivation, conversions and product distributions were measured between 523 K
and 723 K over a period less than 2 h. We defined an important diameter S 1,3-PD/S1,4-PD in
this work to compare two diene isomers (1,3-pentadiene and 1,4-pentadiene), and it is
defined as following:
𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 1,3−𝑝𝑒𝑛𝑡𝑎𝑑𝑖𝑒𝑛𝑒

S1,3-PD/S1,4-PD = 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 1,4−𝑝𝑒𝑛𝑡𝑎𝑑𝑖𝑒𝑛𝑒
6.2.3

Temperature Programmed Desorption
Temperature programmed desorption (TPD)/thermogravimetric analysis (TGA)

measurements were performed in a custom-built system described in detail elsewhere.[81]
Briefly, ~20 mg samples were placed in the sample pan of a CAHN 2000 microbalance,
exposed to vapor of the reactant of interest, and then evacuated using a turbo-pumped
system (base pressure ~10-8 torr). The sample temperature was then ramped at 10 K/min
while monitoring the desorbing species with a quadrupole mass spectrometer (Stanford
research systems, RGA100). To more completely identify the products formed, additional
reactive gas chromatography TPD (RGC-TPD) experiments were performed in which the
desorbing products were analyzed in a gas chromatograph (GC).[137] 50-mg samples were
sandwiched between two plugs of deactivated quartz wool (Restek, 24324) and placed in
a quartz inlet liner (Agilent, 5062-3587). The liner was then placed in the inlet of a GC
(Agilent, 7890B) equipped with an HP-PlotQ column (Agilent, 19091P-Q04) and flame
ionization detector. After heating the catalyst to 673 K in flowing He (UHP 99.999 %,
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Airgas), it was saturated with the adsorbate of interest at 323 K and 10 Torr, then purged
in He to remove weakly bound species. The catalyst temperature was then ramped to 673
K at 10 K/min and held for 30 minutes, with the GC column held at 303 K to trap any
desorbing products. The GC column was then ramped to 543 K to determine the products
that were formed in the temperature ramp.
6.2.4

Catalyst Characterization
Brunauer–Emmett–Teller (BET) surface areas of the three metal oxides were

measured using N2 adsorption at 77 K in a homemade apparatus, and they are ZrO2 (82
m2/g), TiO2 (50 m2/g), γ-Al2O3 (120 m2/g). The Brønsted-acid site density of H-ZSM-5
was determined to be 500 μmol/g using 2-propanamine TPD-TGA.[104] X-ray diffraction
(XRD) patterns for the various samples were measured on a Rigaku MiniFlex
diffractometer equipped with a Cu Kα source (λ = 154.05 pm).
6.2.5

Computational Methods
Periodic density functional theory (DFT) calculations were performed using the

Vienna ab-initio simulation package (VASP 5.4.1). The (101) termination of tetragonal
ZrO2 was represented by a (2x4x1) periodic slab (dimensions 12.89 Å x 14.58 Å x 28.86
Å). The model consists of 4 Zr-O layers with the bottom two layers frozen and a vacuum
layer of 12 Å on either side of the slab (Figure 6.2). The reciprocal space was sampled on
a 3x3x1 k-point mesh based on the Monkhorst-Pack scheme. The core electrons were
modelled with the projector augmented wavefunction (PAW) pseudopotential, and the
valence electrons were modelled with the Perdew−Burke−Ernzerhof (PBE) exchange102

correlation functional and a plane-wave basis set with energy cutoff at 400 eV.[138, 139]
The 4s, 4p, 4d and 5s electrons of Zr were treated as valence electrons. To reduce the
delocalization of the outermost d-electrons, Hubbard’s U parameter was added to the
Hamiltonian[140] with a value of 4 eV.[141] Dispersion interactions were modeled using
the D3 method of Grimme with Becky-Johnson dampening.[142] Transition states were
determined using the nudged-elastic band (NEB) + dimer method.[143] Electronic energies
and ionic forces were converged to 10-6 eV and 0.02 eV/Å, respectively. The ionic degrees
of freedom were optimized using the conjugate gradient algorithm. Vibrational frequencies
were estimated by partial diagonalization of the Hessian matrix using nuclear
displacements of 0.015 Å. Thermal corrections to the electronic energies at 673 K were
calculated using the quasi-rigid-rotor-harmonic-oscillator(quasi-RRHO) model proposed
by Grimme and Li et al.;[144, 145] the vibrational enthalpies and entropies corresponding
to modes below 100 cm-1 have been replaced by corresponding free-rotor values. Small
imaginary frequencies appear in a few stationary and transition states, and they have been
replaced by a wavenumber below 100 cm-1 (50 cm-1).[146]
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Figure 6.2 (a) Top view of the top layer of tetragonal (101) facet. (Atoms in red and green represent
O and Zr, respectively.) (b) Side view of the periodic cell showing the vacuum spacing.
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6.3 Results and Discussion
6.3.1

Catalytic Dehydra-decyclization of 2-MTHF and 3-MTHF
Results from an initial screening of the various catalysts for dehydra-decyclization

of 2-MTHF and 3-MTHF are shown in Figure 6.3 and Figure 6.4, while a more detailed
data set is given in Table A3.1 and Table A3.2 for 2-MTHF and 3-MTHF, respectively.
The cyclic ethers were fed to the reactor at a fixed partial pressure of 38 Torr in He, at a
weight hourly space velocity (WHSV) of 1.1 g-ether g-cat-1 h-1, with conversions and
product distributions measured at 50 K intervals. Deactivation was negligible during the
measurement of each temperature interval and the results were reproducible to within
approximately 2%, and the measurement on H-ZSM-5 was especially taken care of by
feeding cyclic ether only 5 minutes prior to each measurement, to minimize the effect from
unsaturated hydrocarbons easy oligomerization on Brønsted catalysts.[73, 91]
Measurable conversions for both 2-MTHF and 3-MTHF were observed starting at
423 K on H-ZSM-5 and 573 K on the oxide catalysts, consistent with the higher level of
intrinsic activity of Brønsted acid sites.[73] In agreement with previous reports,[63, 73, 74]
the selectivity to pentadienes from 2-MTHF was ~80% on H-ZSM-5 at 523 K (Figure
6.3(d)), but considering there was a significant amount of unidentified large molecularweight species during reaction, the selectivity to pentadienes should be compensatory
lower. Besides the change in the total selectivity to pentadienes, the increment of S1,3PD/S1,4-PD

with temperature was also observed. Based on thermodynamic equilibrium

considerations, this ratio is expected to decrease with temperature, suggesting the product
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distribution is kinetically controlled. The ratio of 1,3-PD to 1,4-PD increased from a value
of 3 to 17 at 473 and 573 K, respectively, while the expected thermodynamic distribution
decreases from 361 to 103 over the same temperature range. Also consistent with previous
reports,[56] the selectivity for 3-MTHF dehydra-decyclization to isoprene is only ~14% at
523 K. Major byproducts included butenes produced via retro-Prins condensation and
isopentenes, likely resulting from hydride-transfer reactions to isoprene[121, 136] (Figure
6.4(d)).
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Figure 6.3 2-MTHF dehydra-decyclization at 38 Torr 2-MTHF and WHSV of 1.11 g 2-MTHF gcat-1 hr-1 on (a) ZrO2 (b) TiO2 (c) Al2O3 (d) H-ZSM-5. 2-MTHF conversion: ▲, product selectivity
is represented by bars with different colors, i.e. green: 1,3-pentadiene, blue: 1,4-pentadiene, grey:
butene(s), red: pentene(s).
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Figure 6.4 3-MTHF dehydra-decyclization from at 38 Torr 3-MTHF and WHSV of 1.11 g 3MTHF g-cat-1 hr-1 on (a) ZrO2 (b) TiO2 (c) Al2O3 (d) H-ZSM-5. 3-MTHF conversion: ▲, product
selectivity is represented by bars with different colors, i.e. orange: isoprene, green: 1,3-pentadiene,
blue: 1,4-pentadiene, grey: butene(s), red: pentene(s), purple: 2-MTHF.

The reactions on ZrO2, TiO2, and Al2O3 were more robust in our measurement
compared to H-ZSM-5, as the amount of large molecular-weight species was almost
negligible. However, as is shown in Figure 6.3, the reactions over ZrO2, TiO2, and Al2O3
showed similar conversions at each temperature but the selectivities to pentadienes were
dramatically different. Over TiO2 and Al2O3, the selectivity never exceeded 80%, with
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significant butene(s) and pentene(s) formation likely formed through similar overall
chemical pathways to those observed on H-ZSM-5 (albeit with distinct catalytic
mechanism). Selectivity to 1,3-pentadiene from 2-MTHF was >90% at all temperatures
over ZrO2, even at 723 K where complete conversion of 2-MTHF was achieved. Minimal
selectivity to the non-conjugated 1,4-pentadiene was observed on ZrO2 (≤ 3%),
significantly less than what was observed over the Brønsted acidic H-ZSM-5 (10-20%) or
other Lewis acids (~20%). Furthermore, S1,3-PD/S1,4-PD on TiO2 and Al2O3 were
significantly diminished relative to that observed on ZrO2 (Table 6.1), and the ratio
appeared to be less affected by temperature.
Table 6.1 S1,3-PD/S1,4-PD in the dehydra-decyclization products of 2-MTHF on different catalysts,
compared with theoretical equilibrium constant.
Temperature [K]

ZrO2

TiO2

Al2O3

Keq

573

Pure 1,3-PD

5.8

2.7

103.0

623

32

3.2

3.4

64.4

673

45.5

3.1

3.2

43.2

723

46

3.4

2.3

30.7

Differences in selectivity to pentadienes between ZrO2 and both TiO2 and Al2O3
were more pronounced with 3-MTHF (Figure 6.4, Table A3.2). Given the branching of 3MTHF, isoprene is the expected major pentadiene product in the absence of any significant
skeletal isomerization. Similar to observations with 2-MTHF, ZrO2 exhibited selectivity to
isoprene >85% at near quantitative conversions; selectivity to isoprene was limited to ~17%
and ~7% on TiO2 or Al2O3, respectively. Similar side reactions to those experienced during
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2-MTHF dehydra-decyclization were also observed with 3-MTHF; butene(s) were found
to be the main products on TiO2 and Al2O3. Distinct from ZrO2 where linear pentadienes
were absent, significant selectivity to 1,3-pentadiene and 1,4-pentadiene was observed over
TiO2 and Al2O3, exceeding that of isoprene. 2-MTHF was also observed as the major
product over Al2O3 at relatively low reaction temperatures. The observation of linear
pentadienes and 2-MTHF suggests that skeletal isomerization readily proceeds on the
surfaces of TiO2 and Al2O3. Conversely, skeletal isomerization is absent over ZrO2,
allowing it to facilitate selective production of branched and conjugated dienes like
isoprene from 3-MTHF.
6.3.2

Temperature Programmed Desorption
Considering the dehydra-decyclization of 2-MTHF, once ring opened, either 1,3 or

1,4-pentadiene can be formed. Similarly, for 3-MTHF, isoprene is the expected dehydradecyclization product, while 1,3 and 1,4-pentadiene require skeletal isomerization. The
large differences in pentadiene isomer selectivity observed amongst the metal oxides could
be due to differences in catalytic isomerization ability.[147] For example, 1,3 or 1,4pentadiene would form as primary product from 2-MTHF over all the metal oxides, but
alumina and titania facilitate its isomerization under reaction conditions more readily than
ZrO2. Alternatively, both 1,3 and 1,4-pentadiene form as primary products over the metal
oxides, with the surface energetics on ZrO2 favoring the formation of 1,3-pentadiene.
To gain further insight into isomer selectivity from 2-MTHF, temperature
programmed desorption measurements were performed on ZrO2 and TiO2 (Figure 6.5).
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Under transient conditions, and in the absence of constant turnovers, the likelihood of
secondary reactions is mitigated. TPD-TGA of 2-MTHF after room temperature exposure
and evacuation showed similar initial coverages of ~240 μmol g-1 on ZrO2 and 180 μmol
g-1 on TiO2, or approximately 2x1018 molecules m-2 (comparable to a close-packed
monolayer). Unreacted 2-MTHF (m/e = 71) desorbs from both surfaces below 550 K, with
pentadiene products (m/e = 68) desorbing as a sharp feature between 550 K and 650 K.
The relatively symmetric and sharp peaks suggest limited readsorption of the primary
products. It is also worth noting the 50 K difference in the diene desorption peaks from
ZrO2 and TiO2, suggesting a difference in their surface energetics of dehydra-decyclization
to pentadienes.

Figure 6.5 Temperature Programmed Desorption - Thermogravimetric Analysis (TPD-TGA) of 2MTHF on (a) ZrO2 (b) TiO2. The TPD peaks correspond to 2-MTHF (m/e = 71), mixture of 1,3PD and 1,4-PD (m/e = 68).
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Given the relative similarity of mass fragmentation patterns of pentadiene isomers,
isomer distribution formed through TPD was measured using reactive gas
chromatography (RGC,
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Table 6.2), where desorbing products are trapped in a chromatography column and
independently quantified. Similar to observations under steady-state reaction conditions,
pentadiene isomer distribution was significantly different over ZrO2 and TiO2; selectivity
to 1,3-PD relative to 1,4-PD over ZrO2 was more than an order of magnitude larger than
on TiO2 (190 vs 4). While diene readsorption and subsequent isomerization is possible, the
extent of readsorption is likely to be comparable given the similar porosity and surface area
of the two catalysts.[117] Taking the peak as the average desorption temperature for TiO2
(550 K) and ZrO2 (600 K), we also note that the observed pentadiene distributions are
significantly displaced from the expected isomerization equilibrium distribution (132 and
79 at 550 and 600 K, respectively). The large difference in isomer selectivity is therefore
likely due to differences in the surface energetics of competing primary catalytic pathways
to different pentadiene isomers, as opposed to secondary pentadiene isomerization. This is
further evidenced by the insensitivity of the ratio of 1,3 to 1,4-pentadiene selectivity as a
function of contact time over ZrO2 under steady-state conditions (Figure 6.6), significantly
displaced from the expected equilibrium distribution, suggesting that both 1,3 and 1,4pentadiene are primary products from 2-MTHF.
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Table 6.2 Selectivity and ratio of 1,3-PD and 1,4-PD in products from 2-MTHF on ZrO2 and TiO2
measured by a Reactive Gas Chromatography – Temperature Programmed Desorption (RGC-TPD).
Selectivity [%]
Catalyst

S1,3-PD/S1,4-PD
1,3-PD

1,4-PD

ZrO2

95.1

0.5

190.2

TiO2

55.9

14.5

3.9

Figure 6.6 Contact time study of 2-MTHF dehydra-decyclization at 673 K and 10 Torr of 2-MTHF
over 0.05 g ZrO2. Green circle: 1,3-pentadiene, blue circle: 1,4-pentadiene, black asterisk: S1,3PD/S1,4-PD.
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6.3.3

Dehydra-decyclization of THP

Figure 6.7 Proposed overall dehydra-decyclization of adsorbed THP.

To better understand the origin of the diene isomer selectivity, the dehydradecyclization of tetrahydropyran (THP) was investigated to gain a more complete
understanding of the reaction network (Figure 6.7, Table A3.3). Unlike 2-MTHF, once
ring opened, 1,4-pentadiene is the expected primary pentadiene product from THP (Figure
6.8). Under identical reaction conditions, THP conversion (Figure 6.7) was similar to that
observed for 2-MTHF and 3-MTHF; ZrO2 again exhibited the highest selectivity to
pentadienes (> 90%), but surprisingly to 1,3-PD (> 85%). Negligible amounts of 1,4-PD
were formed over ZrO2. On TiO2 and Al2O3, product distributions from THP were more
complex, with significant amounts of 1,4-PD, pentene(s), and butene(s) forming alongside
1,3-PD. 2-MTHF was also a major product on both TiO2 and Al2O3 at lower temperatures
(≤ 623 K), demonstrating the interconversion of cyclic ethers. Nevertheless, Similar to the
observation with 2-MTHF, diene isomer distribution was surprisingly in favor of 1,3-PD.
TPD of THP on ZrO2 and TiO2 (Appendix, Figure A3.3 and Table A3.4) also revealed a
pentadiene isomer preference to 1,3-PD, likely through primary catalytic pathways as
indicated by the insensitivity of the non-equilibrium pentadiene isomer distribution over
ZrO2 to varying contact times at steady-state (Figure A3.4). Therefore, consistent with the
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earlier rationalization based on 2-MTHF, the high selectivity to 1,3-PD over ZrO2 is a result
of favorable surface reaction energetics, and not secondary reaction pathways involving
diene isomerization.

Figure 6.8 THP dehydra-decyclization at 38 Torr THP and WHSV of 1.11 g THP g-cat-1 hr-1 on
(a) ZrO2 (b) TiO2 (c) Al2O3. THP conversion: ▲, product selectivity is represented by bars with
different colors, i.e. green: 1,3-pentadiene, blue: 1,4-pentadiene, grey: butene(s), red: pentene(s),
purple: 2-MTHF.

6.3.4

DFT Calculation of THP and 2-MTHF Dehydra-decyclization
The predominant formation of 1,3-PD from both THP and 2-MTHF suggests the

presence of common surface intermediate(s) during their dehydra-decyclization over ZrO2.
While experimental measurements demonstrate that diene isomerization is unlikely,
isomerization to a common and energetically favored surface intermediate responsible for
1,3-PD formation is plausible. To investigate this hypothesis, we leveraged density
functional theory calculations to better understand the surface intermediates relevant to
dehydra-decyclization.
In their most stable binding geometries on tetragonal-ZrO2 (101), THP and 2MTHF are in upright orientations relative to the surface with their ring O atoms coordinated
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to a Zra atom, which is the most Lewis acidic site of the (101) termination.[141] THP
adsorbs on the Zra and Zrb site with a binding energy of 1.13 eV and 0.95 eV, respectively.
Figure 6.9(a) shows the most energetically favorable pathways through which THP
converts to 1,3-PD and 1,4-PD. Once adsorbed, THP (1) undergoes heterolytic cleavage of
the C-O bond, with charges on the C and O atoms stabilized by coordination to the
neighboring O3a and Zra surface atoms (2), respectively, followed by the formation of a 4pentene-1-olate intermediate (3) via proton elimination. Protonation of the double bond of
3 and simultaneous proton abstraction from the C3 carbon position by a surface O atom
yields a 3-pentene-1-olate intermediate (4). At 4, the reaction branches off onto a pathway
leading to 1,3-PD (Pathway 1) and another yielding 1,4-PD (Pathway 2). Through Pathway
1, 4 undergoes surface-proton assisted dehydra-decyclization to 1,3-PD. The dehydradecyclization transition state (TS4) involves coordinated protonation of the alkoxide,
breaking of the alkoxide’s C-O bond, and abstraction of a proton from the C2 position. The
produced water remains on the surface in dissociated form until after the desorption of 1,3PD, at which point it recombines and desorbs from the surface. It is worth noting that a
transition state for the recombination of water could not be isolated, as its adsorption on
tetragonal-ZrO2(101) is dissociative and non-activated; the latter has implications for the
isomerization between 1,3-PD and 1,4-PD (vide infra). The alternative pathway 2 converts
4 into 1,4-PD by a stepwise double-bond shift, passing through intermediates 6 and 7 (4pentene-1-olate), which is followed by surface proton-assisted dehydra-decyclization of 7,
similar to the dehydra-decyclization of 4. The double-bond shift from 4 to 7 is initiated by
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a surface oxygen deprotonating the methyl group (TS5), followed by protonation of 6 at
the C3 position (TS6).
The corresponding free energy profiles explain the higher selectivity for 1,3-PD
(Figure 6.9(b)). Dehydra-decyclization of 4 to surface-bound 1,3-PD (5) is kinetically less
favorable than the double-bond shift to 7. However, whereas the transition state for the
dehydra-decyclization of 4 to surface-bound 1,3-PD (TS4) benefits from the conjugation
of the nascent π-bond (ΔG‡=1.6 eV), the dehydra-decyclization of 7 to surface-bound 1,4PD (8) requires a higher activation energy (ΔG‡=1.9 eV) and is ultimately responsible for
the higher selectivity to 1,3-PD.
While the tetragonal-ZrO2 (101) surface can in principle catalyze the isomerization
between 1,3-PD and 1,4-PD, it is nevertheless energetically unfavorable under the
conditions of dehydra-decyclization, because water recombination and desorption would
have to precede the desorption of the diene. This is thermodynamically unfavorable.
Whereas 1,3-PD desorption is thermodynamically favorable relative to intermediate 5
(ΔGdes,1,3-PD = -0.7 eV), water recombination and desorption prior to diene desorption is not
(ΔGdes,water = +0.5 eV). Similarly for 1,4-PD, relative to intermediate 8, diene desorption
and water desorption through recombination require a free energy change of -0.8 eV and
+0.5 eV, respectively.
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(a)

(b)
Figure 6.9 (a) Catalytic pathways for the conversion of THP to 1,3-PD (Pathway 1, black and green
arrows) and 1,4-PD (Pathway 2, black and blue arrows). (b) Corresponding free energy profiles at
673 K.
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The dehydra-decyclization of 2-MTHF is mechanistically similar to that of THP
(Figure 6.10(a)). After ring opening, the resulting intermediate 11 can undergo β-proton
elimination by a surface O, forming either the 3-pentene-1-olate (12) or the 4-pentene-1olate intermediate (13). Dehydra-decyclization of 12 yields 1,3-PD (pathway 3) whereas
dehydra-decyclization of 13 produces 1,4-PD (pathway 4) and faces a higher intrinsic
barrier by ~0.3 eV Intermediate 12 is more stable than 13 (Figure 6.10(b)) in accordance
with Zaitsev’s rule (hyperconjugation favors the β-H abstraction that yields the more
substituted double bond). This correlation extends to the stability of the respective
transition states as well; formation of 12 requires ~0.4 eV less activation energy than 13.
However, 13 can also form from 12 via a surface-assisted double bond shift (intermediate
15, pathway 5) that is energetically more favorable than the direct formation of 13 from 11.
Interestingly, this double bond shift is slightly more favorable than the dehydradecyclization of 12 to 1,3-PD (TS11 vs. TS12, Figure 6.10(b)) but as already noted, 13
faces a higher dehydra-decyclization activation barrier, which is responsible for the lower
selectivity to 1,4-PD.
Comparing the mechanistic pathways, petene-1-olate(s) intermediates are involved
in both dehydra-decyclization of THP and 2-MTHF. For both cyclic ethers, 3-penten-1olate is the surface intermediate responsible for the formation of 1,3-pentadiene, while also
isomerizing to 4-penten-1-olate which leads to 1,4-pentadiene. Therefore, beyond the
initial adsorption and ring opening, the dehydra-decyclization of THP and 2-MTHF is
mechanistically identical. The less demanding activation energetics of 3-penten-1-olate
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dehydra-decyclization ultimately leads to the high selectivity to 1,3-pentadiene in both
cases, consistent with our experimental observations.
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(a)

(b)
Figure 6.10 (a) Catalytic pathways for the conversion of 2-MTHF to 1,3-PD (Pathway 3, black
and green arrows) and 1,4-PD (Pathway 4 & 5, black, blue and orange arrows). (b) Corresponding
free energy profile at 673 K.
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6.3.5

Pentenol Dehydration
Due to the significant energetic barrier to ring-opening (Figure 6.9 and Figure

6.10), direct experimental observation of pentenolate isomerization and formation from
cyclic ethers is challenging. However, pentenolate formation and its relevance to diene
isomer distribution can be probed independently using pentenols as kinetic surrogates.
Alkenols have been previously reported as intermediates over Brønsted acidic catalysts
like H-ZSM-5,[116] and have been used to elucidate the dehydra-decyclization
chemistry.[74] Here, we note that pentenols are unlikely to be relevant reaction
intermediates in cyclic ether dehydra-decyclization over ZrO2; pentadiene(s) can be
produced through primary catalytic pathways that do not involve a stable reaction
intermediate. Pentenols do however provide a distinct chemical pathway, one more direct
than cyclic ether ring opening, to populate a metal oxide surface with pentenolate
intermediates. To this end, we investigated the dehydration of 4-penten-1-ol, as a source of
adsorbed 4-penten-1-olate under reaction conditions identical to those of cyclic ether
dehydra-decyclization (Figure 6.11, Table A3.5).
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Figure 6.11 4-Penten-1-ol dehydration at 38 Torr and a WHSV of 1.1 g 4P1OL g-cat-1 hr-1 on (a)
ZrO2, (b) TiO2, (c) Al2O3. 4P1OL conversion: ▲, product selectivity is represented by bars with
different colors, i.e. green: 1,3-pentadiene, blue: 1,4-pentadiene, grey: butene(s), red: pentene(s),
pink: 3-Penten-1-ol, purple: 2-MTHF, brown: pentanol.

Over ZrO2 at 573 K, significant isomerization to 3-penten-1-ol was observed (60%
selectivity, Figure 6.11(a)), consistent with the calculated energetic favorability of 3penten-1-olate (Figure 6.9(b)). The remaining selectivity was primarily to 2-MTHF and
pentanol in equal parts, with minor selectivity to pentadienes (< 5%). Selectivity to 1,3pentadiene increased with temperature, reaching ~90% selectivity and complete
conversion of 4-penten-1-ol at 723 K. Conversely, on TiO2 and Al2O3, 4-penten-1-ol was
primarily converted to 2-MTHF at lower temperatures. Selectivity ratios of 1,3-pentadiene
to 1,4-pentadiene at higher temperatures were also as low as those observed with THP
dehydra-decyclization. It is worth noting that at complete 4-penten-1-ol conversion, the
product distribution was near identical to that obtained from 2-MTHF and THP dehydradecyclization for all three metal-oxide catalysts (Figure 6.12).
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Figure 6.12 Product distribution comparison at complete conversion of THP, 2-MTHF and 4P1OL
on (a) ZrO2, (b) TiO2, (c) Al2O3. Product selectivity is represented by bars with different colors, i.e.
green: 1,3-pentadiene, blue: 1,4-pentadiene, grey: butene(s), red: pentene(s), purple: 2-MTHF.

The aforementioned results are consistent with the proposed relevance of
pentenolate stability on the surface of metal oxides. Despite using 4-penten-1-ol as a
reactant for dehydration, the formation of 1,3-pentadiene relative to 1,4-pentadiene was
favored across all three metal oxides. The formation of 2-MTHF, primarily over TiO2 and
Al2O3, further validates the relevance of pentenolates. Both 3-penten-1-olate and 4pentene-1-oalte can convert to 2-MTHF through a surface ring closure (Figure 6.10, TS
8-10). Lastly, the relative agreement of product distribution, regardless of alkenol or cyclic
ether reactants, suggests common mechanistic pathways, consistent with pentenolate
mediated surface chemistry.
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6.4 Conclusion
Selective production of pentadienes can be achieved through the dehydradecyclization of five carbon cyclic ethers over metal oxides. Regardless of cyclic ether,
ZrO2 exhibits the highest selectivity to pentadiene products, and in particular, to conjugated
dienes like isoprene and piperylene. Isoprene is selectively produced from 3-MTHF over
ZrO2, while other metal oxides like TiO2 and Al2O3 additionally facilitate the formation of
linear pentadienes through skeletal isomerization. Despite the expected ease of double
bond migration, 1,3-pentadiene produced via 2-MTHF dehydra-decyclization does not
readily isomerize over ZrO2. The lack of secondary reactions involving olefinic groups
allows for the large selectivity to pentadienes, even at near quantitative conversions.
Temperature programmed desorption and contact time measurements at steady-state of
cyclic ether dehydra-decyclization over ZrO2 suggest that pentadiene formation likely
proceeds through a primary catalytic pathway. Based on density functional theory
calculations, the large selectivity to conjugated dienes over ZrO2 is attributed to the
formation of a conjugated pentenolate surface intermediates which selectively dehydrate
to conjugated pentadienes. Regardless of whether 2-MTHF or THP undergo dehydradecyclization, adsorbed 3-penten-1-olate is energetically stabilized relative to 4-penten-1olate, while also facing a lower dehydration barrier to 1,3-pentadiene relative to that of 4penten-1-olate to 1,4-pentadiene. The relevance of pentenolate intermediates was
experimentally probed through the use of 4-penten-1-ol dehydration, serving as a kinetic
surrogate that dehydrates to pentadienes through pentenolate mediated routes. Consistent
with observations from cyclic ether dehydra-decylization, ZrO2 was highly selective to the
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dehydration of 4-penten-1-ol to 1,3-pentadiene, where a similar favoring of the 3-penten1-olate is proposed.
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EXPLORING ACTIVE SITES ON ZIRCONIA FOR
THE HIGHLY SELECTIVE DEHYDRA-DECYCLIZATION OF
CYCLIC ETHERS TO CONJUGATED DIENES5
Summary
Zirconia has been identified as a promising catalyst for production of C4 to C5
conjugated dienes from biomass-upgraded cyclic ethers. ZrO2 showed > 90% selectivity to
the desired diene products compared to common-seen Brønsted and Lewis catalysts at
quantitative conversion, and due to the lack of protons on ZrO2, reaction stability was
significantly enhanced. However, for industrial application, further catalyst improvement
is still required. In this work, we used the atomic layer deposition technique to fabricate a
more compact ZrO2 thin film which showed almost no catalytic deactivation, which was
previously demonstrated to come from the adsorption of COx during reaction. In our
previous work, it has also been proposed that ZrO2 was more likely to form conjugated
dienes due to the formation of a more favorable ring-opening intermediate. In this work,
efforts were made to understand what sites on ZrO2 are responsible for the intermediate
formation during ring opening. By intentionally poisoning ZrO2 and study different probe
molecules, Zr-O bonds with long bond lengths were found to be critical in such chemistry,
which is an important guidance for future catalyst design.
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7.1 Introduction
Conjugated dienes are important monomers in the polymer industry, especially the
C4~C5 conjugated dienes (1,3-butadiene, piperylene, and isoprene).[55-59] For example,
1,3-butadiene has been used as the backbone material in producing various functional
materials, such as SBR, ABS, and NBR.[60, 111] Piperylene works mainly as an additive
in plastics and resins to enhance their mechanical strength.[61, 148, 149] Since it is the
main skeleton monomer in car tire production, isoprene is the most valuable one.[55, 57,
62] These conjugated dienes are currently being produced as side products from naphtha
cracking for ethylene, which is both unsustainable and inefficient for conjugated diene
production. With the increasing ability to derive ethylene from shale gas, on-purpose
production for conjugated dienes becomes necessary.[27, 112, 133] Many previous
publications have explored various production processes to replace the current petroleumbased pathway, and one of the most promising is to use biomass waste, which is abundant
in our daily lives, as the resource substitution.[32]
Biomass waste, such as lignocellulose, can be upgraded to pentose through acid
catalyzed hydrolysis first, such as xylose.[22, 23] The C5 sugars can then be dehydrated to
furfural[34], followed by decarbonylation and hydrogenation to form tetrahydrofuran
(THF)[26, 35] and undergo a final dehydra-decyclization step to form 1,3-butadiene[63].
Similar pathways can be applied for C5-conjugated diene production from six-carbon
sugars. However, previous work on the final step has focused mainly on using Brønsted
catalysts, such as zeolite.[73] With unsaturated hydrocarbons as products and protons as
active sites, catalyst deactivation was often a big issue, and the selectivity to the desired
129

product was often not desirable either. Recently, Abdelrahman et al. and Dauenhauer et al.
have separately reported the adoption of much weaker Brønsted acidic zeolites as catalysts
in this type of reactions, and the catalyst stability and selectivity to conjugated dienes were
both reasonably enhanced.[56, 63, 74] However, because of the weaker Brønsted acidity
of catalysts in both cases, the reaction rates were not desirable.
In our previous work to look for an optimum catalyst for the dehydra-decyclization
reaction of cyclic ethers, we found that ZrO2 had the best performance among all the
commonly used Brønsted and Lewis catalysts.[135] The selectivity to the diene products
was generally above 90% on ZrO2. Furthermore, in some cases where other non-conjugated
diene isomers were produced during reaction, ZrO2 also showed an outstanding selectivity
to the conjugated dienes compared to other catalysts. Besides the high selectivity, the
reaction rate on ZrO2 also was comparable to the strong Brønsted acidic H-ZSM-5.
However, even though the conjugated dienes are less likely to polymerize on the Lewis
acidic ZrO2 catalyst, deactivation was still observed in our previous measurement. The
deactivation was caused mainly by the adsorption of carbon oxides, which were
decomposed from the retro-Prins product formaldehyde, by forming zirconium carbonates
or bicarbonates.[130, 131] In our previous measurements, the THF dehydra-decyclization
rate decreased by 40% and 80% after 10 h on tetragonal ZrO2 (t-ZrO2) and monoclinic
ZrO2 (m-ZrO2), respectively. Selectivity from THF to 1,3-butadiene remained above 90%
on both forms, suggesting there was no intrinsic difference in the nature of chemistry that
happened on each ZrO2. The different deactivation rates were caused mainly by a
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preference in the adsorption of COx to form carbonates, but the deactivation on both forms
of ZrO2 can be easily regenerated by calcination at a higher temperature (>773 K).
One possible solution for deactivation for industrial purposes is to adopt the atomic
layer deposition (ALD) technique. Lin et al. have successfully fabricated a ZrO2 thin film
by ALD and demonstrated an enhancement in resisting surface area shrinkage compared
to the bulk ZrO2.[150] Considering the ALD procedure to make a more compact and welldistributed thin film than the method we used to make the bulk material, it is not surprising
that the ALD sample has shown improved properties.[151, 152] Therefore, in this work,
we also adopted the ALD technique in an attempt to synthesize a better catalyst that can
resist deactivation.
To further improve the ZrO2 catalyst, a deep understanding of the dehydradecyclization that happened on it is important. Previously, we tabulated the chemistry on
ZrO2 to understand its high selectivity to the conjugated diene products, and we found that
it was probably the formation of the more desirable intermediate on ZrO2 that made it
unique. In this work, we tried to identify the sites on ZrO2 that are responsible for the high
selectivity. One effective method we relied on is to intentionally introduce sodium
impurities into the bulk catalysts, and study their activities with different probe reactions.
Roy et al. has previously used a similar method to understand the active sites on γ-Al2O3
for the isopropanol dehydration reaction.[153] The authors intentionally poisoned γ-Al2O3
with different amounts of sodium impurities, and the onset temperature for the dehydration
reaction in TPD-TGA differed more than 100 K with only a small amount of Na impurity.
In this work, a preference for sites on bulk ZrO2 with relatively longer Zr-O bond was
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proposed to produce conjugated dienes, which is similar to what we proposed in our
previous THF work. Rules for future catalyst design can be potentially summarized from
this work.
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7.2 Experimental Methods
7.2.1

Catalyst Synthesis
A variety of bulk catalysts were synthesized in a procedure that has been reported

in previous work.[135] A sample of high-surface-area tetragonal ZrO2 (referred to as ZrO2
unless noted otherwise) was synthesized by dissolving 1 gram of zirconium oxynitrate
hydrate (ZrO(NO3)2·xH2O, 99%, Sigma Aldrich) in 10 mL deionized water, after which
the solution was dried statically at 333 K for 12 h and further calcined at 673 K for 5 h.
TiO2 was used as received (AEROXIDE, TiO2, P25). γ-Al2O3 was purchased from Strem
Chemicals (min. 97%, Strem Chemicals) and calcined at 1173 K for 24 h before use. SiO2
was purchased from CARiACT (G-6, CARiACT), and it also was calcined at 1073 K for
12 h before use.
For the purpose of fabricating the desired thin metal oxide films, the atomic layer
deposition (ALD) technique was adopted in this work. The previously synthesized bulk
oxides were pressed into thin wafers and used as supports, and they were preheated at 473
K under vacuum before the deposition process. A more detailed description of the ALD
procedure has been described elsewhere.[128] Typically, in one ALD cycle, Zr(TMHD)4
(99%, Strem Chemicals) was gasified at 503 K and exposed to the support for 5 min under
vacuum; extra precursor was then purged. The sample was then transferred to a muffle
furnace for calcination at 773 K in air for 5 min to derive the ZrO2 thin film.
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7.2.2

Sodium Poisoning
To identify the active sites on ZrO2 that are responsible for the high selectivity to

conjugated dienes, bulk ZrO2 was intentionally poisoned by doping sodium impurities
through impregnation.[154] Typically, ~ 1 g fresh catalyst was pretreated in a 500 mL
aqueous NH4NO3 solution with 1 M concentration by continuous stirring at 353 K for 6 h
to reduce the contamination from impurities. The catalyst was then washed with 1 L
deionized water for at least 3 times and dried at 353 K overnight. Sodium impurity was
then introduced into the pretreated ZrO2 by impregnation of NaNO3 at calculated amount,
followed by drying again at 353 K overnight and calcination at 673 K for 2 h before use.
7.2.3

Catalyst Characterization
Temperature programmed desorption-thermal gravimetric analysis (TPD-TGA)

measurements were performed in a custom-built system described in detail elsewhere.[81]
Briefly, ~20-mg samples were placed in the sample pan of a CAHN 2000 microbalance,
exposed to vapor of the reactant of interest, and then evacuated using a turbo-pumped
system (base pressure ~10-8 torr). The sample temperature was then ramped at 10 K/min
while the desorbing species was monitored with a quadrupole mass spectrometer (Stanford
Research Systems, RGA100).
X-ray diffraction (XRD) patterns for the various samples were confirmed on a
Rigaku MiniFlex diffractometer equipped with a Cu Kα source (λ = 154.05 pm). The
results were identical to the catalysts we synthesized in previous publications. Brunauer–
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Emmett–Teller (BET) surface areas were measured using N2 adsorption at 77 K in a
homemade apparatus.
7.2.4

Catalytic Measurement
Catalytic measurement was performed in a tubular flow reactor (0.25-in stainless

steel tube), in which 100 ~ 200 mg of catalyst was sandwiched between two plugs of glass
wool. All measurements were performed at ambient temperature. Liquid reactants,
tetrahydrofuran (THF, ≥ 99.9%, Sigma Aldrich), tetrahydropyran (THP, 98+%, Alfa
Aesar), 4-penten-1-ol (4P1OL, 99%, Sigma Aldrich), or isopropanol (99.5% min, Alfa
Aesar) were introduced into a 20 sccm stream of He (UHP 99.999 %, Airgas) using a
syringe pump (PHD 2000 Infusion, Harvard Apparatus). To avoid condensation of
reactants and products, all lines were heated to 423 K using heating tapes. Prior to
measuring catalytic activities, the samples were calcined in situ at 673 K. After flushing
with He and switching to the reactant mixture, product concentrations were analyzed at
least twice at each temperature. Conversions and product distributions were measured over
a period of less than 2 h to mitigate the effect of catalyst deactivation, using a GC-Mass
Spec (QP5000, Shimadzu) equipped with a capillary column (HP-INNOWAX, Agilent
Technologies).
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7.3 Results and Discussion
7.3.1

Fabrication of ZrO2 Thin Films for Reaction Performance Improvement
For an industrial purpose to slow down the deactivation rate, a ZrO2 thin film

supported by a ZrO2 support was synthesized by ALD. Deactivation that appeared during
the reaction was most likely caused by the adsorption of COx by forming zirconium
carbonate or bicarbonate[130, 131], while a small portion of high-molecular-weight
products also appeared in our measurements. In our previous measurements, deactivation
on tetragonal ZrO2 was slower than the monoclinic form, but the THF reaction rate still
declined by 40% after 10 h.[135] Why tetragonal ZrO2 had slower deactivation rate than
the monoclinic form is still unknown, but synthesizing a ZrO2 thin film by ALD might
have helped to fabricate a more compact surface than the bulk material, which is potentially
better at resisting COx adsorption. The thickness of ZrO2 thin film was confirmed to be at
one monolayer, and the number of ALD cycles was determined by the desired weight gain.
The ALD process assumed that the density of the ZrO2 thin film is the same as the bulk
material (5.68 g/cm3) and the thickness of one monolayer thin film was 0.3 nm, based on
previous studies.[150] Then, to synthesize a one-monolayer ZrO2 film on an 80 m2/g
surface area ZrO2 support, a percentage of 13.6% is a desired weight gain of the initial
support for the new catalyst:
68 𝑔/𝑐𝑚3 × 80 𝑚2 × 0 3 𝑛𝑚
× 100% = 13 6%
1𝑔
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By keeping track of the sample weight gain after each ALD cycle, fabricating a onemonolayer ZrO2 thin film on the 80 m2/g ZrO2 support required 10 ALD cycles (10R
ZrO2/ZrO2) in our ALD setup.
A time-on-stream measurement was performed on the 10R ZrO2/ZrO2. The
evaluation was performed in a continuous flow reactor at a fixed THF partial pressure of
38 torr, maintaining a constant weight-hourly space velocity (WHSV = 0.93 g THF g-cat1

hr-1) at 673 K, and result is shown in Figure 7.1(a). The THF conversion on the 10R

ZrO2/ZrO2 thin film was around 80% when the reaction started, but when measured after
10 hours, the rate dropped below 60%, with ~25% conversion difference. This suggested
a potential difference between the ALD thin film and bulk ZrO2, on which a 40% rate
decrease was observed over the same period. To reduce deactivation to the minimum,
thickness of ZrO2 thin film was intentionally increased, and a 50R ZrO2/ZrO2 catalyst was
derived. As is shown in Figure 7.1(b), the THF conversion had almost no change during
the 10 h measurement compared to both the bulk ZrO2 and the 10-cycled ALD samples.
The significant deactivation improvement on the 50-cycled ZrO2 thin film confirmed a
difference between the more compact catalytic surface with bulk zirconia, which is
effective for slowing down the deactivation rate while still maintaining the high selectivity
to 1,3-butadiene. The relatively low conversion on the 50R ZrO2/ZrO2 was mainly due to
the low surface area of the high-cycled ALD sample (~20 m2/g compared to 84 m2/g on
bulk ZrO2).
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Figure 7.1 Time on stream examination of THF on (a) 10R ALD ZrO2/ZrO2 (b) 50R ALD
ZrO2/ZrO2 at 673 K, 38 Torr THF and WHSV of 0.93 g THF g-cat-1 hr-1. (THF conversion: ;
selectivities: green-1,3-butadiene, red-propene, blue-butenes.)

To effectively enhance reaction rate, fabrication of ZrO2 thin film on a support with
higher surface area is plausible. However, surface area of a bulk ZrO2 can hardly exceed
100 m2/g, which requires an exploration of other materials as support. To use another
material as support can be challenging, since the synergy effect that would significantly
affect the reaction has been reported on many other ALD materials.[128, 155] Therefore,
ZrO2 thin films on a variety of supports were synthesized by ALD to understand possible
interactions between thin film and support for future catalyst design. Each catalyst was
synthesized via similar method as for the ZrO2/ZrO2 thin film, and their thickness was
confirmed to be at least one monolayer to avoid THF direct react with support in our
evaluation.
In our previous work, bulk ZrO2, TiO2, and Al2O3 were all reasonably reactive on
THF, but the selectivity to 1,3-butadiene varied significantly with each material with the
trend: ZrO2 > TiO2 > Al2O3.[135] The reaction rate on pure SiO2 was almost zero, and the
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selectivity to 1,3-butadiene was not higher than Al2O3 (Figure 7.2(a)). With these
significant differences, they were chosen as supports to be compared. On the ALD samples,
we found that a one-monolayer ZrO2 ALD thin film was already effective to change the
selectivity to 1,3-butadiene on the less-selective supports. For example, in Figure 7.2(b),
the selectivity to 1,3-butadiene followed the trend: 10R ZrO2/ZrO2 > 10R ZrO2/TiO2 > 15R
ZrO2/Al2O3 > 15 R ZrO2/SiO2, and the selectivity on each catalyst (except for 10R
ZrO2/ZrO2) was significantly improved over that of the support catalyst. These effects were
improved by depositing a thicker ZrO2 layer on a less-selective support. For instance, a
30R ZrO2/Al2O3 has shown a ~15% increase in selectivity to 1,3-butadiene compared to
the 15-cycled one, while the conversion decreased in a compensatory way because of a
sacrifice in surface area. These results have suggested a likely synergy between ALD thin
film and support also existed in our samples. This required a deeper understanding of the
desired chemistry that happened on the specific site to benefit future catalyst design, and it
also suggested the feasibility of increasing the reaction rate by depositing ZrO2 on a highersurface-area support for industrial purposes. In our previous work in CHAPTER 6, we
suggested that there might be preferential chemistry on ZrO2 that was responsible for the
high selectivity to conjugated diene products. This was based on the formation of a more
thermodynamically favorable intermediate than on other catalysts. In the following work,
efforts were made to understand what sites on ZrO2 are responsible for such proposed
chemistry.
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Figure 7.2 THF conversion and selectivity to 1,3-butadiene on (a) bulk metal oxide catalysts and
(b) different ALD catalysts at 673 K, 38 Torr THF and WHSV of 0.93 g THF g-cat-1 hr-1. (THF
conversion: , selectivity to 1,3-butadiene: green bar.)

7.3.2

Identify the Active Sites by Na Poisoning
To identify the sites on ZrO2 that are responsible for the highly selective ring-

opening reaction, various amounts of sodium were introduced into ZrO2 by impregnation
to partially poison the sites. Different probe molecules were then studied on these poisoned
samples to compare their activities. In CHAPTER 6, the simulation identified the
existence of two types of Zr-O bonds in the t-ZrO2 crystal. They are neighbored, but they
have different bond lengths, so in this discussion they will be referred to as A-site and Bsite for the short and long Zr-O bond, respectively. Considering the bond length of each
site, the shorter one is supposed to be more Lewis acidic because of the attraction of
electrons on Zr from a closer oxygen atom.[156-160] Therefore, the A-sites are likely to
be poisoned first. By calculation from the bulk ZrO2 surface area (80 m2/g) and the Van
der Waals radius of the Na atom (227 pm), a monolayer coverage with Na atoms equals
~1.9 wt% Na loading, in the ideal case. In this study, the sodium loading was increased
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from 0.1 wt% to 2 wt% by impregnating the ZrO2 support with NaNO3, and the activities
of various probe molecules were studied.
7.3.2.1 TPD-TGA Analysis
Figure 7.3 shows the TPD-TGA result of THF on the poisoned samples compared
to pure ZrO2. As shown in Figure 7.3(a), a significant amount of 1,3-butadiene (m/e = 54)
was formed from pure ZrO2 around 600 K. This is identical to our previous report, and the
active site density identified from the TGA was ~ 100 μmol/g. By gradually increasing
sodium loading on ZrO2, there was a significant decrease in the active sites. The active site
density decreased by almost 40% on the 0.1 wt% Na-ZrO2, and it was almost unreadable
when sodium loading reached 0.5 wt%. However, by the qualitative comparison of the 1,3butadiene signal with other side products with much less selectivity, we observed that the
catalyst was being gradually killed by the extra Na content for the THF reaction. When
sodium loading reached 2 wt%, the reaction was completely dead, as shown in Figure
7.3(e).
Figure 7.4 shows the results of isopropanol TPD-TGA on the poisoned samples.
Isopropanol can undergo dehydration by forming propene and water, and it has been used
as a very common characterization method for quantifying acidic site density on various
solids. On pure ZrO2 (Figure 7.4(a)), an acidic site density of 270 μmol/g was identified
from the corresponding propene peak (m/e = 41) around 550 K. A small portion of acetone
(m/e = 43), which was likely formed by isopropanol dehydrogenation, was observed at the
same temperature.[118] However, the active site density for the dehydrogenation reaction
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may be ignored in this situation since its selectivity appeared to be much lower than the
dehydration reaction in TPD. On pure ZrO2, the Lewis acidic density was more than double
as the active sites for THF dehydration. This suggested that not all acidic sites participated
in the THF reaction. As the Na loading increased, a similar decreasing trend in the Lewis
site density was observed, but on the 2 wt% Na-ZrO2 (Figure 7.4(e)), the Lewis acidic site
density decreased by only 50%, while the THF reaction on the same sample was already
dead. The difference in active sites for THF and isopropanol reaction confirmed that not
all Lewis acidic sites participated in THF dehydra-decyclization.

Figure 7.3 TPD-TGA result of tetrahydrofuran on (a) pure ZrO2 (b) 0.1 wt% Na-ZrO2 (c) 0.5 wt%
Na-ZrO2 (d) 1 wt% Na-ZrO2 (e) 2 wt% Na-ZrO2. m/e signal in TPD corresponds to THF: m/e = 72
& 41 at low temperature, 1,3-butadiene: m/e = 54, butenes: m/e = 56, propene: m/e = 41 at high
temperature.
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Figure 7.4 TPD-TGA result of isopropanol on (a) pure ZrO2 (b) 0.1 wt% Na-ZrO2 (c) 0.5 wt% NaZrO2 (d) 1 wt% Na-ZrO2 (e) 2 wt% Na-ZrO2. m/e signal in TPD corresponds to isopropanol: m/e
= 45, propene: m/e = 41 at high temperature, acetone: m/e = 43 at high temperature.

Figure 7.5 shows the results of n-propylamine on the different samples. Cong et al.
reported that n-propylamine undergoes dehydrogenation to form acetone nitrile and
hydrogen only on ZrO2.[118] Figure 7.5(a) shows the result of n-propylamine on pure
ZrO2, where unreacted n-propylamine (m/e = 30) desorbed over a relatively broad
temperature range. The dehydrogenation started at 600 K with significant signals of
hydrogen (m/e = 2) and acetone nitrile (m/e = 54). However, because of the higher sticky
coefficient of acetone nitrile, it did not form sharp peaks, as we commonly see in our TPD.
Therefore, the intensity of hydrogen was used to identify the dehydrogenation reaction. As
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the Na loading on ZrO2, the signal for the dehydrogenation was significantly decreased,
and it had a trend that was almost identical to the THF reaction: the reaction died on the 2
wt% Na-ZrO2. Previous publications have suggested several possible active sites for
dehydrogenation on ZrO2, such as oxygen vacancies, acid–base pairs, or the “weak Lewis
acidic sites”, which are similar to the B-sites that we referred to in this work.[161-164] The
active sites for n-propylamine dehydrogenation are still unknown, but we are clear that it
is not a conventional Lewis acidic type of reaction. However, a similar trend in the
activities of THF and n-propylamine has suggested the possibility that some other sites
have participated in the THF reaction.

Figure 7.5 TPD-TGA result of n-propylamine on (a) pure ZrO2 (b) 0.1 wt% Na-ZrO2 (c) 0.5 wt%
Na-ZrO2 (d) 1 wt% Na-ZrO2 (e) 2 wt% Na-ZrO2. m/e signal in TPD corresponds to n-propylamine:
m/e = 30, acetone nitrile: m/e = 54, hydrogen: m/e = 2.
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7.3.2.2 Steady-state Reaction of THF and Isopropanol on Na-ZrO2
Steady-state reactions of THF and isopropanol were performed on the poisoned
ZrO2 to confirm the previous observations. The size of the catalyst bed was reduced from
200 mg to 100 mg (WHSV = 1.86 g THF/g cat/h or 1.55 g isopropanol/g cat/h), and the
reaction temperature was kept at 673 K for THF and 598 K for isopropanol for partial
conversion for rate comparison. There is no evidence that the Na impurities affected the
selectivity of each reaction, and their reaction rates were compared and shown in Figure
7.6. In THF dehydra-decyclization, the conversion on pure ZrO2 at reaction condition was
57%. However, as the amount of sodium content on ZrO2 rose, the THF reaction rate
declined significantly. This was consistent with previous TPD-TGA results, and the
reaction was almost dead on the 2 wt% Na-ZrO2. For isopropanol dehydration, as shown
in Figure 7.6(b), the reaction rate on the poisoned samples declined much more slowly,
and it decreased only by half on the 2 wt% Na-ZrO2. The non-linear decrease in reaction
with regard to sodium loading indicated the aggregation of some of the Na instead of
covering the exposed sites, and the consistent rate decrease as in TPD-TGA has confirmed
a different type of active sites for cyclic ether dehydra-decyclization on ZrO2 compared to
conventional Lewis acidic sites.
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Figure 7.6 Comparison of uniformed reaction rate for (a) THF dehydra-decyclization at WHSV =
1.86g THF/g cat/h at 673 K (b) isopropanol dehydration at WHSV = 1.55 g isopropanol/g cat/h at
598 K on poisoned ZrO2 compared with non-poisoned ones. The conversions on pure ZrO2 are (a)
57% (b) 47%.

7.3.2.3 Steady-state Reaction of Tetrahydropyran and 4-penten-1-ol on Na-ZrO2
Besides the high selectivity to the dehydra-decyclization reaction, one other
significant observation on ZrO2 was that the C5 cyclic ethers can selectively (> 90%)
dehydrate to their corresponding conjugated dienes compared to other metal oxide catalysts
in CHAPTER 6. This was probably because of a more favorable surface intermediate that
formed on ZrO2 indicated in our previous research. For example, in tetrahydropyran (THP)
dehydra-decyclization, we have proposed a transformation from the ring-opening species
4-pentenn-1-oxlate to 3-pentenn-1-oxlate first on ZrO2, which is more thermodynamically
favorable and the critical step to form the desired 1,3-pentadiene product. However, since
opening the cyclic ether ring is the rate-limiting step, we also investigated an intermediate
that appeared on the Brønsted catalyst and had a similar structure as 4-pentenn-1-oxlate to
react on different Lewis catalysts, and we derived the same conclusion. In present work,
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similar reactions were performed on the poisoned ZrO2 to identify the sites that are
responsible for each reaction step. The probe molecules we used were THP and 4-penten1-ol (4P1OL). ~ 100 mg catalyst was loaded in the continuous flow reactor and pretreated
at 473 K in a 20 sccm He flow before reaction. The velocity of the reaction space was kept
at WHSV = 2.22 g THP (or 4P1OL)/g cat/h. The comparison of the reaction rates and the
product distributions are shown in Figure 7.7 and Figure 7.8, respectively.

Figure 7.7 Comparison of uniformed reaction rate for THP and 4P1OL dehydration at WHSV =
2.22g THP (or 4P1OL)/g cat/h at 673 K on poisoned ZrO2 compared with non-poisoned ones. The
reaction rate on pure ZrO2 was used as the uniform unit and its conversion at the reaction condition
was 39%.

The reactions for rate comparison were measured at 673 K, and the rates were all
uniformed by using the rate of THP on pure ZrO2. As shown in Figure 7.7, the declining
trend that was observed in THF was again observed in the THP dehydra-decyclization, and
the rate decreased to almost 0 on the 2 wt% Na-ZrO2. There is no evidence for different
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selectivity on the poisoned sample, and the similar declines in rates have suggested a
similar reaction pathway for different cyclic ethers. In the 4P1OL dehydration reaction, the
dehydration rate on ZrO2 was about 25% higher than the THP reaction rate on the same
catalyst. This is consistent with our previous conclusion that the ring-opening process is
the rate-limiting step. However, it seems that the 4P1OL dehydration rate was barely
affected (decreased) by the extra sodium content, while the product distribution was
different on each catalyst.
Figure 7.8 shows the product distribution of 4P1OL on each catalyst. In our
previous study, we observed a major transformation from 4P1OL to 3-penten-1-ol (3P1OL)
at a relatively low temperature on ZrO2. This was similar to the proposed chemistry from
the ring-opening intermediate 4-pentenn-1-oxlate to 3-pentenn-1-oxlate. Besides this main
reaction pathway, a small portion of 4P1OL also turned into 2-methyltetrahydrofuran (2MTHF), as shown in Figure 7.8(a). However, the chemistry to form 2-MTHF was found
to be the dominant pathway on the less selective catalysts, such as TiO2 and Al2O3.
Therefore, it was determined to be an undesirable pathway to produce conjugated dienes.
When comparing the reactions on the poisoned ZrO2, we found that the 2-MTHF pathway
was significantly suppressed. For example, in Figure 7.8(b) and Figure 7.8(c), the
selectivity to the 2-MTHF pathway dropped from ~18% on pure ZrO2 to ~3% on the 0.5
wt% Na-ZrO2, and this less favorable pathway completely disappeared on the 2 wt% NaZrO2.
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Figure 7.8 Product distribution of 4-penten-1-ol dehydration at WHSV = 2.22g 4P1OL/g cat/h at
673 K on (a) ZrO2 (b) 0.5 wt% Na-ZrO2 (c) 2 wt% Na-ZrO2. 4P1OL conversion: ▲, product
selectivity is represented by bars with different colors, i.e. green: 1,3-pentadiene, blue: 1,4pentadiene, grey: butene(s), pink: 3-Penten-1-ol, purple: 2-MTHF, brown: pentanol.

When ZrO2 is poisoned with Na, the impurities tend to deposit first on sites that are
more polarized. This corresponds to the A-sites with shorter Zr-O bond lengths. By reading
the results for isopropanol TPD-TGA (Figure 7.4), ~ 50% Lewis acidic sites were poisoned
on the 2 wt% Na-ZrO2. By the same principle, most of the non-poisoned sites should
correspond to B-sites with longer Zr-O bond lengths (A-sites : B-sites = 1:1 in ZrO2 from
previous simulations). The high 4P1OL dehydration activity and the high selectivity to the
desired reaction pathway on the 2 wt% Na-ZrO2 has indicated that the B-sites on ZrO2
might be critical for transforming a favorable intermediate (i.e., 4-penten-1-oxlate to 3penten-1-oxlate) during cyclic ether dehydra-decyclization, while these sites are not
effective for ring opening. The significant difference in rates shown in Figure 7.7 suggests
that the poisoned A-sites were important for the ring-opening process. This conclusion is
in line with our previous simulation results that the B-sites participated in the surface
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intermediate transformation by transferring the dissociated H atom to form a more
favorable surface intermediate (CHAPTER 6).
7.3.2.4 Steady-state Reaction of Tetrahydropyran and 4-penten-1-ol on Na-TiO2
To validate the previous conclusion, similar experiments were performed on TiO2,
found to be a much less selective catalyst in our previous study, with 2 wt% sodium
impurities. The catalyst was prepared in the same way as Na-ZrO2 samples, and both rate
comparison and product distribution of 4P1OL are shown in Figure 7.9.
Figure 7.9(a) shows the reaction rates of THP and 4P1OL on bulk TiO2 and
poisoned TiO2. The THP reaction rate decline on Na-TiO2 was the same as on Na-ZrO2,
and the reaction died with 2 wt% Na loading. In contrast, the 4P1OL dehydration rate was
much less affected. In 4P1OL dehydration, we observed a high selectivity to the
undesirable 2-MTHF pathway at relatively low temperatures on TiO2, as shown in Figure
7.9(b). The 2-MTHF pathway was proposed to cause the low ratio of 1,3-pentadiene/1,4pentadiene in C5 cyclic ether dehydration on the less selective catalyst. On the 2 wt% NaTiO2, the pathway to 2-MTHF was completely suppressed, and the reaction to 3P1OL was
the only one at low temperature. Considering that different Ti-O bonds may also appear in
the TiO2 structure, we concluded that the transformation from 4P1OL to 3P1OL is more
favorable on a “relatively weaker” Lewis site that has a long metal-oxygen bond length.
However, as the temperature with 4P1OL increased, instead of turning into a high ratio of
1,3-pentadiene/1,4-pentadiene products as appeared on ZrO2, a more complex chemistry
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occurred on the 2 wt% Na-TiO2. This suggested there is another more thermodynamically
favored pathway on the poisoned material that requires further exploration.

Figure 7.9 (a) Comparison of uniformed reaction rate for THP and 4P1OL dehydration at WHSV
= 2.22g THP (or 4P1OL)/g cat/h at 623 K on poisoned TiO2 compared with non-poisoned ones.
The reaction rate on pure TiO2 was used as the uniform unit and its conversion at the reaction
condition was 36%. Product distribution of 4-penten-1-ol dehydration at WHSV = 2.22g 4P1OL/g
cat/h at 673 K on (b) TiO2 (c) 2 wt% Na-TiO2. 4P1OL conversion: ▲, product selectivity is
represented by bars with different colors, i.e. green: 1,3-pentadiene, blue: 1,4-pentadiene, grey:
butene(s), red: pentene(s), pink: 3-Penten-1-ol, purple: 2-MTHF, brown: pentanol, and unknown.
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7.4 Conclusion
Zirconia is, no doubt, the most suitable element for the on-purpose production of
conjugated dienes from corresponding cyclic ethers, according to our recent studies. The
bulk ZrO2 catalyst synthesized in the lab can reach >90% selectivity to the desired
conjugated diene product at quantitative conversion. However, deactivation caused by the
adsorption of COx species by forming zirconium carbonate or bicarbonate is a big
consideration for the use of ZrO2 as an industrial catalyst. To slow down the deactivation
rate, a 50R ZrO2/ZrO2 thin film was fabricated by ALD, and it showed outstanding reaction
stability in our time on stream measurement. However, because of the high ALD cycles, a
significant decrease in the surface area led to a low reaction rate under the same conditions.
To improve the ZrO2 thin film catalyst further, such as deposition on a higher surface area
support, a deep understanding of the chemistry on both ZrO2 and other materials is
necessary. Therefore, we intentionally poisoned ZrO2 and TiO2 in comparison with NaNO3,
trying to quantify sites with different metal-oxygen bond lengths and study their functions
in cyclic ether chemistry. By comparing the reaction rates of THP and 4P1OL and the
product distribution of 4P1OL on both non-poisoned and poisoned metal oxides, we
conclude that, in ZrO2, A-sites with shorter bond lengths were critical for the ring-opening
process, while B-sites with longer bond lengths functionalized in the transformation from
the ring-opening species to a more desirable intermediate. However, the chemistry that
happened on the other catalysts, such as TiO2, was more complex, and could indicate the
reason for the low ratio of conjugated diene/non-conjugated diene from the less selective
catalysts, which will be an interesting direction to explore in future.
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CONCLUDING REMARKS AND SUMMARY
This dissertation has focused on two relatively downstream reactions in biomass
upgrading by demonstrating some of their current issues for applications in the real world
and proposing solutions. Heterogeneous catalysts were used for reducing separation cost
and reaction mechanisms of both reactions were tabulated for further reaction performance
improvement. The contribution from this work can be beneficial for both catalyst design
and production process design for real applications.
The first reaction is the direct acylation of furans with long-chain carboxylic acids
to a type of alkyl furan ketone molecules, which has been proposed to be the main
component of the next-generation surfactant. This new surfactant has shown significantly
improved detergency properties than the current mostly used LAS surfactant, but previous
studies on the synthesis of the alkyl furan ketone molecules were limited. In this
dissertation, I proposed to adopt long-chain carboxylic acids as acylation agents, from
which water is the only side product. I also used H-ZSM-5 zeolite as catalyst, which is both
cheap and efficient in separation for being a heterogeneous catalyst. Study on the direct
acylation was extended from the short-chain acids to the target dedocanoic acid. Both
adsorption studies in TPD-TGA and steady-state reactions in a flow reactor have shown
that all acids can undergo ketonization as a competitive reaction above 523 K that should
be avoided. Therefore, 523 K was used as an optimum temperature for this reaction in my
research. The steady-state reactions in CHAPTER 3 and CHAPTER 4 have shown that
both low concentration (< 5%) of furans and excess acids (furans : acids < 1:1) in the
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feedstock can inhibit the oligomerization of furans on the Brønsted acidic catalyst.
Potential reaction mechanism of this direct acylation reaction was also discussed in
CHAPTER 3, and it was proposed that the reaction was more likely to undergo a
bimolecular process rather than forming a long-lived acyl group on the Brønsted site first.
When it comes to large molecule reaction, utilization of solvent is important for
material transfer. Interestingly, solvent served more than just material transfer in the longchain acid acylation in CHAPTER 4. The choice of solvent significantly affected the
adsorption of reactants and resulted in a different yield of desired products. As discussed,
there are three important factors that will affect the adsorption: molecular size, proton
affinity and hydrogen bonding. In the large molecule reactions, molecular size played a
much more important role than the other two factors when heteroatoms (such as oxygen in
carboxylic acid) took up little percentage. Therefore, conclusion was drawn that for a
desired acylation performance with long-chain acids, to choose a solvent with similar
molecular size with the acid is the best option.
The second reaction is to derive value-added conjugated diene molecules from
cyclic ethers, which can be derived from biomass waste. The conversion from cyclic ethers
to corresponding conjugated dienes has been studied on various Brønsted catalysts, but
those studies often suffered from issues such as fast deactivation rates, low selectivities, or
low reaction rates. In my research, ZrO2 was found to be a promising catalyst for this type
of reactions. ZrO2 mainly showed two advantages for deriving 1,3-butadiene from THF in
CHAPTER 5: (1) it showed > 90% selectivity to the desired product at quantitative
conversion; (2) the reaction on ZrO2 was more stable than that on Brønsted catalysts. Being
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a proton donor, Brønsted catalysts are easy to be deactivated due to the polymerization of
unsaturated hydrocarbon products in this case, while the deactivation that happened on
ZrO2 was mostly caused by the adsorption of COx and slower, and the spent catalyst can
be readily regenerated by calcination at a higher temperature.
CHAPTER 6 extended the study from the C4 molecules to C5. Comparison was
made between ZrO2 and the other two less selective catalyst in THF dehydra-decyclizaiton,
TiO2 and Al2O3. In 3-MTHF reaction, selectivity to isoprene was above 90% on ZrO2,
while it barely exceeded 30% on TiO2 and Al2O3, where other diene isomers were also
observed. In 2-MTHF and THP reactions, ratio of the desired 1,3-pentadiene to undesired
1,4-pentadiene was almost one order of magnitude higher on ZrO2 than on the other two.
Separation of diene isomers is not easy, hence ZrO2 is no doubt the best catalyst for the
ring-opening reaction in my research. To explain for the extraordinary selectivity from
ZrO2, DFT simulation of THP and 2-MTHF on ZrO2 was performed through collaboration,
and it was found that a ring-opening species transformation from 4-penten-1-oxalate to 3penten-1-oxalate is more thermodynamically favorable on ZrO2, which is potentially the
reason for its high selectivity. To verify this simulation result, 4-penten-1-ol, which has
been observed as an intermediate in 2-MTHF dehydra-decyclizaiton on Brønsted acidic HZSM-5, was studied over all three catalysts. A similar pathway in simulation was observed
with 4-penten-1-ol that it isomerized to 3-penten-1-ol first on ZrO2 at low temperatures and
had identical product distribution as THP at 673 K, while a different chemistry to form 2MTHF first was more likely to happen TiO2 and Al2O3.
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To identify what sites are doing the more favorable chemistry is also beneficial for
further catalyst design, therefore the work in CHAPTER 7 explored the sites on ZrO2 that
are responsible for the highly selective ring-opening reactions. Bulk ZrO2 was intentionally
poisoned with various amounts of sodium, and the catalytic activity of each poisoned
sample was measured with different probe molecules. At 2 wt% Na loading, ZrO2 was
totally inert to the cyclic ether dehydra-decyclization in both TPD-TGA and flow reactor.
However, isopropanol-TPD on the 2 wt% Na-ZrO2 showed that only half of the Lewis
acidic sites were poisoned, and the exposed sites were still effective for 4-penten-1-ol
dehydration. Therefore, it was proposed that the sites on ZrO2 that were poisoned by Na
functionalized the “decyclization” part, while sites with longer Zr-O bond length were
critical for the favorable intermediate isomerization to derive conjugated dienes on ZrO2.
Besides identifying the active sites, work to improve the catalyst stability by using atomic
layer deposition (ALD) also was introduced in this chapter and gained success. However,
to fabricate a high-surface-area catalyst for industrial purpose may require exploration of
other materials, which will be accomplished in the future.
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APPENDIX
A1. Introduction
The following appendices provide additional information to support discussion in
previous sections.
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A2. Dehydra-decyclization of Tetrahydrofurans to Diene Monomers over
Metal Oxides

Figure A2.1 XRD patterns of (a) ZrO2, peaks marked with (*) stand for tetragonal zirconia and
peaks marked with (°) stand for monoclinic zirconia (b) (I) Al2O3 (II) TiO2 (III) Nb2O5 (IV) CeO2.
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Figure A2.2 Temperature Programmed Desorption - Thermogravimetric Analysis of
isopropanol on (a) TiO2 (b) Nb2O5 (c) CeO2 (d) t-ZrO2 (e) m-ZrO2. The TPD peaks correspond to
isopropanol (m/e = 45), propene (m/e = 41). Isopropanol dehydration on Al2O3 has been previously
demonstrated in our lab[165].
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Figure A2.3 Temperature Programmed Desorption - Thermogravimetric Analysis of THF on
(a) m-ZrO2 (b) Nb2O5 (c) Al2O3 (d) CeO2. The TPD peaks correspond to THF (m/e = 72,41),
butadiene (m/e = 54), butene (m/e = 56), propene (m/e = 41), CO2 (m/e = 44), H2 (m/e = 2),
oligomer cracking species (m/e = 41, 54, 56, 67).
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Figure A2.4 Selectivity ratio of 1,3-pentadiene to 1,4-pentadiene on t-ZrO2 with time on stream
at 673 K and P2-MTHF = 10 Torr.
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Figure A2.5 Contact time study of THF Dehydra-decyclization over tetragonal ZrO2 at 673 K
and PTHF = 10 Torr. (a) Selectivity to propene and butene(s) (b) Selectivity to butadiene.
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Figure A2.6 Dehydra-decyclization of THF on monoclinic ZrO2 at 673 K and PTHF = 10 Torr.
Regenerated catalyst calcined in air at 673 K.
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Table A2.1
Successive measurements of selectivity to butadiene as a function of temperature
on metal oxides. PTHF = 38 Torr, WHSV = 0.93 g THF g-cat-1 hr-1.
Temperature (K)
423

473
523
573
623
673

H-ZSM-5

5R WOx/ZrO2

0%
0%
0%
11%
16%
16%
33%
37%
21%
19%
19%
19%
14%
14%

38%
32%
42%
41%
44%
48%
39%
38%

CeO2

Nb2O5

0%
0%
36%
40%
64%
65%
43%
44%

723

19%
19%
46%
41%
43%
38%
39%
39%

773

Table A2.2
oxides.

TiO2

Al2O3

65%
63%
43%
45%
37%
41%
33%
37%

14%
11%
9%
9%
9%
9%
10%
11%

Peak desorption temperatures for propene from isopropanol dehydration on metal

Catalyst
Al2O3
TiO2
Nb2O5
CeO2
t-ZrO2
m-ZrO2

Propene desorption peak temperature (K)
440*
500
520
550
570
570

*Isopropanol dehydration on Al2O3 has been previously demonstrated in our lab[165].
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A3. Selective Dehydra-decyclization of Cyclic Ethers to Conjugated Dienes
over ZrO2

Figure A3.1 XRD pattern of the synthesized ZrO2, which is mostly tetragonal. Peak marked
with (*) stands for tetragonal form and peak marked with (-) stands for monoclinic form.

Equilibrium constants of 1,3-PD(E)/1,4-PD and 1,3-PD(Z)/1,4-PD from 563 K to
733 K calculated by using Van’t Hoff equation and gas phase thermochemistry data from NIST.
Figure A3.2
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Temperature Programmed Desorption - Thermogravimetric Analysis of THP on
(a) ZrO2 (b) TiO2. The TPD peaks correspond to THP (m/e = 86), mixture of 1,3-PD and 1,4PD(m/e = 68).
Figure A3.3

Contact time study of THP dehydra-decyclization at 673 K and 10 Torr of THP on
50 mg ZrO2. Green circle: 1,3-pentadiene, blue circle: 1,4-pentadiene, black asterisk: S1,3PD/S1,4-PD.
Figure A3.4
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Table A3.1
Detailed catalytic screening profile of 2-MTHF from 523 ~ 723 K (starting from
423 K for H-ZSM-5), at 38 Torr 2-MTHF and WHSV of 1.11 g 2-MTHF g-cat-1 hr-1 on ZrO2, TiO2,
Al2O3 and H-ZSM-5.
Catalyst

ZrO2

TiO2

Al2O3

H-ZSM-5

Selectivity
1,3Butene(s) Pentene(s)
pentadiene

Temperature
[K]

Conversion

1,4pentadiene

573

3%

-

100%

-

-

623

9%

3%

96%

1%

-

673

55%

2%

91%

4%

3%

723

100%

2%

92%

3%

3%

573

18%

13%

76%

6%

5%

623

42%

19%

60%

11%

10%

673

73%

20%

61%

11%

8%

723

94%

19%

64%

13%

4%

523

2%

9%

86%

3%

3%

573

22%

16%

44%

16%

23%

623

53%

15%

50%

22%

13%

673

100%

16%

51%

25%

9%

723

100%

20%

47%

28%

5%

423

2%

46%

-

9%

45%

473

6%

19%

55%

9%

17%

523

25%

10%

73%

8%

9%

573

97%

4%

68%

22%

6%
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Table A3.2
Detailed catalytic screening profile of 3-MTHF from 523 ~ 723 K (starting from
423 K for H-ZSM-5), at 38 Torr 3-MTHF and WHSV of 1.11 g 3-MTHF g-cat-1 hr-1 on ZrO2, TiO2,
Al2O3 and H-ZSM-5.
Selectivity
Catalyst Temperature [K] Conversion

ZrO2

TiO2

isoprene Butene(s) Isopentene(s) 1,4-pentadiene 1,3-pentadiene Pentene(s) 2-MTHF

573

4%

95%

5%

-

-

-

-

-

623

13%

97%

673

39%

93%

3%

-

-

-

-

-

2%

5%

-

-

-

-

723

95%

88%

4%

8%

-

-

-

-

573

2%

26%

71%

-

-

-

3%

-

623

36%

17%

34%

11%

8%

19%

10%

-

673

86%

12%

41%

13%

7%

19%

8%

-

723

100%

13%

39%

12%

7%

17%

12%

-

573

6%

8%

35%

3%

3%

9%

5%

37%

623

45%

7%

75%

4%

2%

6%

6%

-

673

94%

6%

80%

2%

2%

7%

3%

-

723

100%

6%

78%

2%

2%

9%

3%

-

423

2%

-

82%

18%

-

-

-

-

473

10%

-

45%

55%

-

-

-

-

523

40%

14%

46%

40%

-

-

-

-

573

100%

-

74%

26%

-

-

-

-

Al2O3

H-ZSM-5
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Table A3.3
Detailed catalytic screening profile of THP from 523 ~ 723 K, at 38 Torr THP and
WHSV of 1.11 g THP g-cat-1 hr-1 on ZrO2, TiO2 and Al2O3.
Catalyst

ZrO2

TiO2

Al2O3

Temperature [K]

Conversion

Selectivity
1,4-PD 1,3-PD Butene(s)

Pentene(s)

2-MTHF

573

1%

-

100%

-

-

-

623

11%

-

97%

3%

-

-

673

43%

3%

91%

3%

3%

-

723

87%

3%

88%

4%

5%

-

573

2%

14%

32%

19%

35%

-

623

16%

20%

40%

18%

18%

5%

673

34%

21%

38%

23%

18%

1%

723

71%

20%

47%

19%

14%

-

573

5%

-

6%

2%

13%

79%

623

31%

7%

30%

9%

15%

39%

673

83%

16%

45%

25%

11%

3%

723

100%

18%

47%

27%

7%

-

Table A3.4
Selectivity and ratio of 1,3-PD and 1,4-PD in products from 2-MTHF on ZrO2 and
TiO2 measured by a Reactive Gas Chromatography – Temperature Programmed Desorption (RGCTPD).

Selectivity [%]
Catalysts

S1,3-PD/S1,4-PD

1,3-PD

1,4-PD

ZrO2

89.9

0.9

99.9

TiO2

47.1

7.6

6.2
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Table A3.5
Detailed catalytic screening profile of 4P1OL from 573 ~ 723 K (starting from 473
K for Al2O3), at 38 Torr 4P1OL and WHSV of 1.11 g 4P1OL g-cat-1 hr-1 on ZrO2, TiO2 and Al2O3.
Catalyst

ZrO2

TiO2

Al2O3

Selectivity

Temperature
[K]

Conversion

573

3P1OL

2-MTHF

pentanol

1,3PD

1,4PD

Butene(s)

Pentene(s)

5%

59%

19%

19%

1%

2%

-

-

623

24%

39%

8%

6%

42%

4%

-

-

673

91%

5%

9%

-

79%

5%

1%

-

723

100%

-

-

-

93%

5%

2%

-

573

10%

26%

73%

1%

-

-

-

-

623

48%

16%

70%

8%

4%

1%

-

1%

673

95%

-

41%

-

35%

12%

6%

6%

723

100%

-

5%

-

55%

23%

10%

6%

473

48%

1%

99%

-

-

-

-

-

523

86%

4%

96%

-

-

-

-

-

573

92%

5%

86%

8%

1%

-

-

-

623

98%

3%

68%

4%

12%

5%

5%

3%

673

100%

-

-

-

49%

20%

23%

8%

168

BIBLIOGRAPHY
[1] N.K. Shah, Z. Li, M.G. Ierapetritou, Petroleum Refining Operations: Key Issues, Advances,
and Opportunities, Industrial & Engineering Chemistry Research, 50 (2011) 1161-1170.
[2] R. Vazquez-Duhalt, E. Torres, B. Valderrama, S.L. Borgne, Will Biochemical Catalysis Impact
the Petroleum refining industry?, Energy & Fuels, 16 (2002) 1239-1250.
[3] October 2021 Monthly Energy Review, in, U.S. Energy Information Administration, 2021.
[4] N. Kannan, D. Vakeesan, Solar energy for future world: - A review, Renewable and Sustainable
Energy Reviews, 62 (2016) 1092-1105.
[5] Y. Kumar, J. Ringenberg, Soma S. Depuru, V.K. Devabhaktuni, Jin W. Lee, E. Nikolaidis, B.
Andersen, A. Afjeh, Wind energy: Trends and enabling technologies, Renewable and Sustainable
Energy Reviews, 53 (2016) 209-224.
[6] A. Evans, V. Strezov, T.J. Evans, Sustainability considerations for electricity generation from
biomass, Renewable and Sustainable Energy Reviews, 14 (2010) 1419-1427.
[7] S. Nanda, R. Azargohar, A.K. Dalai, J.A. Kozinski, An assessment on the sustainability of
lignocellulosic biomass for biorefining, Renewable and Sustainable Energy Reviews, 50 (2015)
925-941.
[8] M.S. Mettler, S.H. Mushrif, A.D. Paulsen, A.D. Javadekar, D.G. Vlachos, P.J. Dauenhauer,
Revealing pyrolysis chemistry for biofuels production: Conversion of cellulose to furans and small
oxygenates, Energy Environ. Sci., 5 (2012) 5414-5424.
[9] G.W. Huber, J.A. Dumesic, An overview of aqueous-phase catalytic processes for production
of hydrogen and alkanes in a biorefinery, Catalysis Today, 111 (2006) 119-132.
[10] F.H. Isikgor, C.R. Becer, Lignocellulosic biomass: a sustainable platform for the production
of bio-based chemicals and polymers, Polymer Chemistry, 6 (2015) 4497-4559.
[11] T. Werpy, G. Petersen, Top Value Added Chemicals from Biomass Volume I — Results of
Screening for Potential Candidates from Sugars and Synthesis Gas Top Value Added Chemicals
Results of Screening for Potential Candidates, in: U.S.D.o. Energy (Ed.), 2004.
[12] U.S.D.o. Energy, 2016 Billion-Ton Report, in: U.S.D.o. Energy (Ed.), 2016.
[13] A. Arevalo-Gallegos, Z. Ahmad, M. Asgher, R. Parra-Saldivar, H.M.N. Iqbal, Lignocellulose:
A sustainable material to produce value-added products with a zero waste approach-A review, Int
J Biol Macromol, 99 (2017) 308-318.
[14] C. Wang, X. Zhang, Q. Liu, Q. Zhang, L. Chen, L. Ma, A review of conversion of
lignocellulose biomass to liquid transport fuels by integrated refining strategies, Fuel Processing
Technology, 208 (2020).
[15] S. Wang, Z. Luo, Pyrolysis of Biomass, Walter de Gruyter GmbH & Co KG, 2016.
[16] J.A. Melero, J. Iglesias, A. Garcia, Biomass as renewable feedstock in standard refinery units.
Feasibility, opportunities and challenges, Energy & Environmental Science, 5 (2012).
[17] G.W. Huber, S. Iborra, A. Corma, Synthesis of Transportation Fuels from Biomass Chemistry
Catalysts and Engineering, Chemical Reviews, 106 (2006) 4044-4098.

169

[18] P. De Wild, H. Reith, E. Heeres, Biomass pyrolysis for chemicals, Biofuels, 2 (2011) 185-208.
[19] Z.A.B.Z. Alauddin, P. Lahijani, M. Mohammadi, A.R. Mohamed, Gasification of
lignocellulosic biomass in fluidized beds for renewable energy development: A review, Renewable
and Sustainable Energy Reviews, 14 (2010) 2852-2862.
[20] C. Ciliberti, A. Biundo, R. Albergo, G. Agrimi, G. Braccio, I. de Bari, I. Pisano, Syngas
Derived from Lignocellulosic Biomass Gasification as an Alternative Resource for Innovative
Bioprocesses, Processes, 8 (2020).
[21] A. Demirbas, The influence of temperature on the yields of compounds existing in bio-oils
obtained from biomass samples via pyrolysis, Fuel Processing Technology, 88 (2007) 591-597.
[22] J.B. Binder, R.T. Raines, Fermentable sugars by chemical hydrolysis of biomass, Proc Natl
Acad Sci U S A, 107 (2010) 4516-4521.
[23] P. Maki-Arvela, T. Salmi, B. Holmbom, S. Willfor, D.Y. Murzin, Synthesis of sugars by
hydrolysis of hemicelluloses--a review, Chem Rev, 111 (2011) 5638-5666.
[24] A. Corma, S. Iborra, A. Velty, Chemical Routes for the Transformation of Biomass into
Chemicals, Chemical Reviews, 107 (2007) 2411-2502.
[25] M. Xu, C. Mukarakate, K. Iisa, S. Budhi, M. Menart, M. Davidson, D.J. Robichaud, M.R.
Nimlos, B.G. Trewyn, R.M. Richards, Deactivation of Multilayered MFI Nanosheet Zeolite during
Upgrading of Biomass Pyrolysis Vapors, ACS Sustainable Chemistry & Engineering, 5 (2017)
5477-5484.
[26] X. Li, P. Jia, T. Wang, Furfural: A Promising Platform Compound for Sustainable Production
of C4 and C5 Chemicals, ACS Catalysis, 6 (2016) 7621-7640.
[27] P.C. Bruijnincx, B.M. Weckhuysen, Shale gas revolution: an opportunity for the production
of biobased chemicals?, Angew Chem Int Ed Engl, 52 (2013) 11980-11987.
[28] H.E. Hoydonckx, W.M. Van Rhijn, W. Van Rhijn, D.E. De Vos, P.A. Jacobs, Furfural and
Derivatives, in: Ullmann's Encyclopedia of Industrial Chemistry, 2007.
[29] X. Tong, Y. Ma, Y. Li, Biomass into chemicals: Conversion of sugars to furan derivatives by
catalytic processes, Applied Catalysis A: General, 385 (2010) 1-13.
[30] J.B. Binder, R.T. Raines, Simple Chemical Transformation of Lignocellulosic Biomass into
Furans for Fuels and Chemicals, Journal of the American Chemical Society, 131 (2009) 1979-1985.
[31] P. Sarkar, A.K. Bhowmick, Sustainable rubbers and rubber additives, J Appl Polym Sci, (2017)
45701-45733.
[32] E.V. Makshina, M. Dusselier, W. Janssens, J. Degreve, P.A. Jacobs, B.F. Sels, Review of old
chemistry and new catalytic advances in the on-purpose synthesis of butadiene, Chem Soc Rev, 43
(2014) 7917-7953.
[33] V. Choudhary, A.B. Pinar, S.I. Sandler, D.G. Vlachos, R.F. Lobo, Xylose Isomerization to
Xylulose and its Dehydration to Furfural in Aqueous Media, ACS Catalysis, 1 (2011) 1724-1728.
[34] V. Choudhary, S.I. Sandler, D.G. Vlachos, Conversion of Xylose to Furfural Using Lewis and
Brønsted Acid Catalysts in Aqueous Media, ACS Catalysis, 2 (2012) 2022-2028.

170

[35] S. Wang, V. Vorotnikov, D.G. Vlachos, Coverage-Induced Conformational Effects on
Activity and Selectivity: Hydrogenation and Decarbonylation of Furfural on Pd(111), ACS
Catalysis, 5 (2014) 104-112.
[36] F. Deng, A.S. Amarasekara, Catalytic upgrading of biomass derived furans, Industrial Crops
and Products, 159 (2021).
[37] P. Foley, A.K. pour, E.S. Beach, J.B. Zimmerman, Derivation and synthesis of renewable
surfactants, Chemical Society Reviews, 41 (2012) 1499–1518.
[38] C. Cowan-Ellsberry, S. Belanger, P. Dorn, S. Dyer, D. McAvoy, H. Sanderson, D. Versteeg,
D. Ferrer, K. Stanton, Environmental Safety of the Use of Major Surfactant Classes in North
America, Crit Rev Environ Sci Technol, 44 (2014) 1893-1993.
[39] L.L. Schramm, E.N. Stasiuk, D.G. Marangoni, 2
Surfactants and their applications, Annu.
Rep. Prog. Chem., Sect. C: Phys. Chem., 99 (2003) 3-48.
[40] D. Bajpai, V.K. Tyagi, Laundry Detergents: An Overview, Journal of Oleo Science, 56 (2007)
327-340.
[41] D.S. Park, K.E. Joseph, M. Koehle, C. Krumm, L. Ren, J.N. Damen, M.H. Shete, H.S. Lee, X.
Zuo, B. Lee, W. Fan, D.G. Vlachos, R.F. Lobo, M. Tsapatsis, P.J. Dauenhauer, Tunable Oleo-Furan
Surfactants by Acylation of Renewable Furans, ACS Cent Sci, 2 (2016) 820-824.
[42] C. NO'IK, M. BAVII~RE, D. DEFIVES, Anionic surfactant precipitation in hard water,
Journal of Colloid and Interface Science, 115 (1984) 36-45.
[43] A. Bhadani, A. Kafle, T. Ogura, M. Akamatsu, K. Sakai, H. Sakai, M. Abe, Current perspective
of sustainable surfactants based on renewable building blocks, Current Opinion in Colloid &
Interface Science, 45 (2020) 124-135.
[44] T.-C. Tsai, I. Wang, S.-J. Li, J.-Y. Liu, Development of a green LAB process: alkylation of
benzene with 1-dodecene over mordenite, Green Chemistry, 5 (2003).
[45] M.J. Scott, M.N. Jones, The biodegradation of surfactants in the environment, Biochimica et
Biophysica Acta, 1508 (2000) 235-251.
[46] T.V. Bui, S. Crossley, D.E. Resasco, C–C Coupling for Biomass-Derived Furanics Upgrading
to
Chemicals and Fuels, in: Chemicals and fuels from bio-based building blocks, 2016, pp. 431-494.
[47] Y. Xiong, W. Chen, J. Ma, Z. Chen, A. Zeng, Methods to delay deactivation of zeolites on
furan acylation: continuous liquid-phase technology and solvent effects, RSC Advances, 5 (2015)
103695-103702.
[48] P.R. Reddy, M. Subrahmanyam, S.J. Kulkarni, Vapour phase acylation of furan and pyrrole
over zeolites, Catalysis Letters, 54 (1998) 95-100.
[49] M. Koehle, Z. Zhang, K.A. Goulas, S. Caratzoulas, D.G. Vlachos, R.F. Lobo, Acylation of
methylfuran with Brønsted and Lewis acid zeolites, Applied Catalysis A: General, 564 (2018) 90101.
[50] G. Sartori, R. Maggi, Use of solid catalysts in Friedel-Crafts acylation reactions, Chem Rev,
106 (2006) 1077-1104.

171

[51] A. Behr, J.P. Gomes, The refinement of renewable resources: New important derivatives of
fatty acids and glycerol, European Journal of Lipid Science and Technology, 112 (2010) 31-50.
[52] A.K. Pandey, A.P. Singh, A novel catalytic method for the acylation of aromatics to the
corresponding ketones over zeolite catalysts, Catalysis Letters, 44 (1997) 129-133.
[53] A.P. Singh, A.K. Pandey, Acetylation of benzene to acetophenone over zeolite catalysts,
Journal of Molecular Catalysis A: Chemical, 123 (1997) 141-1447.
[54] A. Gumidyala, B. Wang, S. Crossley, Direct carbon-carbon coupling of furanics with acetic
acid over Brønsted zeolites, Science Advances, 2 (2016) 1-8.
[55] A.R.C. Morais, S. Dworakowska, A. Reis, L. Gouveia, C.T. Matos, D. Bogdał, R. BogelŁukasik, Chemical and biological-based isoprene production: Green metrics, Catalysis Today, 239
(2015) 38-43.
[56] O.A. Abdelrahman, D.S. Park, K.P. Vinter, C.S. Spanjers, L. Ren, H.J. Cho, K. Zhang, W.
Fan, M. Tsapatsis, P.J. Dauenhauer, Renewable Isoprene by Sequential Hydrogenation of Itaconic
Acid and Dehydra-Decyclization of 3-Methyl-Tetrahydrofuran, ACS Catalysis, 7 (2017) 14281431.
[57] K. Stevenson, B. Stallwood, A.G. Hart, Tire Rubber Recycling and Bioremediation: A Review,
Bioremediation Journal, 12 (2008) 1-11.
[58] P. Neubert, S. Fuchs, A. Behr, Hydroformylation of piperylene and efficient catalyst recycling
in propylene carbonate, Green Chemistry, 17 (2015) 4045-4052.
[59] Y. Qi, Z. Liu, S. Liu, L. Cui, Q. Dai, J. He, W. Dong, C. Bai, Synthesis of 1,3-Butadiene and
Its 2-Substituted Monomers for Synthetic Rubbers, Catalysts, 9 (2019).
[60] S. Olivera, H.B. Muralidhara, K. Venkatesh, K. Gopalakrishna, C.S. Vivek, Plating on
acrylonitrile–butadiene–styrene (ABS) plastic: a review, Journal of Materials Science, 51 (2016)
3657-3674.
[61] A. Behr, P. Neubert, Piperylene-A Versatile Basic Chemical in Catalysis, ChemCatChem, 6
(2014) 412-428.
[62] K. Rose, A. Steinbuchel, Biodegradation of natural rubber and related compounds: recent
insights into a hardly understood catabolic capability of microorganisms, Appl Environ Microbiol,
71 (2005) 2803-2812.
[63] O.A. Abdelrahman, D.S. Park, K.P. Vinter, C.S. Spanjers, L. Ren, H.J. Cho, D.G. Vlachos,
W. Fan, M. Tsapatsis, P.J. Dauenhauer, Biomass-Derived Butadiene by Dehydra-Decyclization of
Tetrahydrofuran, ACS Sustainable Chemistry & Engineering, 5 (2017) 3732-3736.
[64] D. Cespi, F. Passarini, I. Vassura, F. Cavani, Butadiene from biomass, a life cycle perspective
to address sustainability in the chemical industry, Green Chemistry, 18 (2016) 1625-1638.
[65] S.E. Hunter, C.E. Ehrenberger, P.E. Savage, Kinetics and Mechanism of Tetrahydrofuran
Synthesis via 1,4-Butanediol Dehydration in High-Temperature Water, The Journal of Organic
Chemistry, 71 (2006) 6229–6239.
[66] M. Aghaziarati, M. Kazemeini, M. Soltanieh, S. Sahebdelfar, Evaluation of Zeolites in
Production of Tetrahydrofuran from 1,4-Butanediol Performance Tests and Kinetic Investigations,
Industrial & Engineering Chemistry Research, 46 (2007) 726-733.

172

[67] L. J.J., M. P.L., Du Pont Butane Oxidation Process, in: Precision Process Technology,
Springer, Dordrecht, 1993, pp. 175-195.
[68] I. Obregon, I. Gandarias, N. Miletic, A. Ocio, P.L. Arias, One-Pot 2-Methyltetrahydrofuran
Production from Levulinic Acid in Green Solvents Using Ni-Cu/Al2 O3 Catalysts, ChemSusChem,
8 (2015) 3483-3488.
[69] J. Zheng, J. Zhu, X. Xu, W. Wang, J. Li, Y. Zhao, K. Tang, Q. Song, X. Qi, D. Kong, Y. Tang,
Continuous hydrogenation of ethyl levulinate to gamma-valerolactone and 2-methyl
tetrahydrofuran over alumina doped Cu/SiO2 catalyst: the potential of commercialization, Sci Rep,
6 (2016) 28898.
[70] T. Boruta, M. Bizukojc, Production of lovastatin and itaconic acid by Aspergillus terreus: a
comparative perspective, World J Microbiol Biotechnol, 33 (2017) 34.
[71] A.M. Medway, J. Sperry, Heterocycle construction using the biomass-derived building block
itaconic acid, Green Chem., 16 (2014) 2084-2101.
[72] C.S. Spanjers, D.K. Schneiderman, J.Z. Wang, J. Wang, M.A. Hillmyer, K. Zhang, P.J.
Dauenhauer, Branched Diol Monomers from the Sequential Hydrogenation of Renewable
Carboxylic Acids, ChemCatChem, 8 (2016) 3031-3035.
[73] M.D. Kumbhalkar, J.S. Buchanan, G.W. Huber, J.A. Dumesic, Ring Opening of BiomassDerived Cyclic Ethers to Dienes over Silica/Alumina, ACS Catalysis, 7 (2017) 5248-5256.
[74] G. Kumar, D. Liu, D. Xu, L. Ren, M. Tsapatsis, P.J. Dauenhauer, Dehydra-decyclization of 2methyltetrahydrofuran to pentadienes on boron-containing zeolites, Green Chemistry, (2020).
[75] Y. Wang, D. Sun, Y. Yamada, S. Sato, Selective production of 1,3-butadiene in the
dehydration of 1,4-butanediol over rare earth oxides, Applied Catalysis A: General, 562 (2018) 1118.
[76] A. Matsuda, Y. Matsumura, Y. Yamada, S. Sato, Vapor-phase dehydration of 1,4-butanediol
to 1,3-butadiene over Y2Zr2O7 catalyst, Molecular Catalysis, 514 (2021).
[77] D. Sun, S. Arai, H. Duan, Y. Yamada, S. Sato, Vapor-phase dehydration of C4 unsaturated
alcohols to 1,3-butadiene, Applied Catalysis A: General, 531 (2017) 21-28.
[78] D. Sun, Y. Li, C. Yang, Y. Su, Y. Yamada, S. Sato, Production of 1,3-butadiene from biomassderived C4 alcohols, Fuel Processing Technology, 197 (2020).
[79] H. Duan, Y. Yamada, S. Sato, Vapor-phase Catalytic Dehydration of 2,3-Butanediol into 3Buten-2-ol over Sc2O3, Chemistry Letters, 43 (2014) 1773-1775.
[80] H. Duan, M. Unno, Y. Yamada, S. Sato, Adsorptive interaction between 1,5-pentanediol and
MgO-modified ZrO2 catalyst in the vapor-phase dehydration to produce 4-penten-1-ol, Applied
Catalysis A: General, 546 (2017) 96-102.
[81] Y.-H. Yeh, R.J. Gorte, S. Rangarajan, M. Mavrikakis, Adsorption of Small Alkanes on ZSM5 Zeolites: Influence of Brønsted Sites, The Journal of Physical Chemistry C, 120 (2016) 1213212138.
[82] K.L. Pickrahn, S.W. Park, Y. Gorlin, H.B.R. Lee, T.F. Jaramillo, S.F. Bent, Active MnOx
Electrocatalysts Prepared by Atomic Layer Deposition for Oxygen Evolution and Oxygen
Reduction Reactions, Advanced Energy Materials, 2 (2012) 1269-1277.

173

[83] J. Lu, B. Fu, M.C. Kung, G. Xiao, J.W. Elam, H.H. Kung, P.C. Stair, Coking-and sinteringresistant Palladium Catalysts Achieved through Atomic Layer Deposition, Science, 335 (2012)
1205-1208.
[84] T.M. Onn, S. Zhang, L. Arroyo-Ramirez, Y. Xia, C. Wang, X. Pan, G.W. Graham, R.J. Gorte,
High-Surface-Area Ceria Prepared by ALD on Al2O3 support, Applied Catalysis B: Environmental,
201 (2017) 430-437.
[85] T.M. Onn, M. Monai, S. Dai, E. Fonda, T. Montini, X. Pan, G.W. Graham, P. Fornasiero, R.J.
Gorte, Smart Pd Catalyst with Improved Thermal Stability Supported on High-Surface-Area
LaFeO3 Prepared by Atomic Layer Deposition, J Am Chem Soc, 140 (2018) 4841-4848.
[86] C. Lin, Investigation of High-surface-area Titanate (atio3) Thin Films Prepared by Atomic
Layer Deposition in: Chemical and Biomolecular Engineering, University of Pennsylvania, 2021.
[87] R.I. Masel, Principles of Adsorption and Reaction on Solid Surfaces, John Wiley & Sons,
1996.
[88] E.R. Sacia, M. Balakrishnan, M.H. Deaner, K.A. Goulas, F.D. Toste, A.T. Bell, Highly
selective condensation of biomass-derived methyl ketones as a source of aviation fuel,
ChemSusChem, 8 (2015) 1726-1736.
[89] G. Sartori, R. Maggi, Use of Solid Catalysts in Friedel-Crafts Acylation Reactions, Chemical
Reviews, 106 (2006) 1077-1104.
[90] D.E. Resasco, B. Wang, S. Crossley, Zeolite-catalysed C–C bond forming reactions for
biomass conversion to fuels and chemicals, Catalysis Science & Technology, 6 (2016) 2543-2559.
[91] O. Kresnawahjuesa, R.J. Gorte, D. White, The acylation of propene by acetic acid over H[Fe]ZSM-5 and H-[Al]ZSM-5, Journal of Molecular Catalysis A: Chemical, 212 (2004) 309-314.
[92] O. Kresnawahjuesa, An Examination of Brønsted Acid Sites in H-[Fe]ZSM-5 for Olefin
Oligomerization and Adsorption, Journal of Catalysis, 210 (2002) 106-115.
[93] J. Yu, S. Zhu, P.J. Dauenhauer, H.J. Cho, W. Fan, R.J. Gorte, Adsorption and reaction
properties of SnBEA, ZrBEA and H-BEA for the formation of p-xylene from DMF and ethylene,
Catalysis Science & Technology, 6 (2016) 5729-5736.
[94] D.J. Parrilo, R.J. Gorte, W.E. Farneth, A Calorimetric Study of Simple Bases in H-ZSM-5 A
Comparison with Gas-Phase and Solution-Phase Acidities, Journal of the American Chemical
Society, 115 (1993) 12441-12445.
[95] R.J. Gorte, What do we know about the acidity of solid acids?, Catalysis Letters, 62 (1999) 113.
[96] J. Luo, R.J. Gorte, High Pressure Cracking of n-Hexane Over H-ZSM-5, Catalysis Letters,
143 (2013) 313-316.
[97] O. Kresnawahjuesa, R.J. Gorte, D. White, Characterization of acylating intermediates formed
on H-ZSM-5, Journal of Molecular Catalysis A: Chemical, 208 (2004) 175-185.
[98] A.I. Biaglow, J. Šepa, R.J. Gorte, D. White, A 13CNMR Study of the Condensation Chemistry
of Acetone and Acetaldehyde Adsorbed at the Bronsted Acid Sites in H-ZSM-5, Journal of
Catalysis, 151 (1995) 373-384.

174

[99] A. Gumidyala, T. Sooknoi, S. Crossley, Selective ketonization of acetic acid over HZSM-5:
The importance of acyl species and the influence of water, Journal of Catalysis, 340 (2016) 76-84.
[100] C.C. Lee, R.J. Gorte, W.E. Farneth, Calorimetric Study of Alcohol and Nitrile Adsorption
Complexes in H-ZSM-5, The Journal of Physical Chemistry B, 101 (1997) 3811-3817.
[101] J. Klisáková, L. Červený, J. Čejka, On the role of zeolite structure and acidity in toluene
acylation with isobutyric acid derivatives, Applied Catalysis A: General, 272 (2004) 79-86.
[102] V.N. Sheemol, B. Tyagi, R.V. Jasra, Acylation of toluene using rare earth cation exchanged
zeolite β as solid acid catalyst, Journal of Molecular Catalysis A: Chemical, 215 (2004) 201-208.
[103] K. Su, Z. Li, B. Cheng, L. Zhang, M. Zhang, J. Ming, The studies on the Friedel–Crafts
acylation of toluene with acetic anhydride over HPW/TiO2, Fuel Processing Technology, 92 (2011)
2011-2015.
[104] Y. Ji, J. Pan, P. Dauenhauer, R.J. Gorte, Probing direct carbon-carbon acylation of furans and
long-chain acids over H-ZSM-5, Applied Catalysis A: General, 577 (2019) 107-112.
[105] N.M. Bertero, A.F. Trasarti, C.R. Apesteguía, A.J. Marchi, Solvent effect in the liquid-phase
hydrogenation of acetophenone over Ni/SiO2: A comprehensive study of the phenomenon, Applied
Catalysis A: General, 394 (2011) 228-238.
[106] S. Song, Y. Wang, N. Yan, A remarkable solvent effect on reductive amination of ketones,
Molecular Catalysis, 454 (2018) 87-93.
[107] Q. Lin, S. Liao, L. Li, W. Li, F. Yue, F. Peng, J. Ren, Solvent effect on xylose conversion
under catalyst-free conditions: insights from molecular dynamics simulation and experiments,
Green Chemistry, 22 (2020) 532-539.
[108] J. Cui, J. Tan, T. Deng, X. Cui, H. Zheng, Y. Zhu, Y. Li, Direct conversion of carbohydrates
to γ-valerolactone facilitated by a solvent effect, Green Chemistry, 17 (2015) 3084-3089.
[109] T.R. Josephson, P.J. Dauenhauer, M. Tsapatsis, J.I. Siepmann, Adsorption of furan, hexanoic
acid, and alkanes in a hierarchical zeolite at reaction conditions: Insights from molecular
simulations, Journal of Computational Science, 48 (2021).
[110] A.J. Taylor, R.S.T. Linforth, B.A. Harvey, A. Blake, Atmospheric pressure chemical
ionisation mass spectrometry forin vivo analysis of volatile flavour release, Food Chemistry, 71
(2000) 327-338.
[111] D.E. Blanco, A.Z. Dookhith, M.A. Modestino, Enhancing selectivity and efficiency in the
electrochemical synthesis of adiponitrile, Reaction Chemistry & Engineering, 4 (2019) 8-16.
[112] Y. Xiang, H. Wang, J. Cheng, J. Matsubu, Progress and prospects in catalytic ethane
aromatization, Catalysis Science & Technology, 8 (2018) 1500-1516.
[113] D.C. Elliott, J.G. Frye, Hydrogenated 5-carbon compound and method of making, in, Battelle
Memorial Institute, United States, 1999.
[114] D.J. Lundberg, D.J. Lundberg, K. Zhang, P.J. Dauenhauer, Process Design and Economic
Analysis of Renewable Isoprene from Biomass via Mesaconic Acid, ACS Sustainable Chemistry
& Engineering, 7 (2019) 5576-5586.
[115] C. Wang, S. Li, X. Mao, S. Caratzoulas, R.J. Gorte, H-D Exchange of Simple Aromatics as
a Measure of Brønsted-Acid Site Strengths in Solids, Catalysis Letters, 148 (2018) 3548-3556.

175

[116] S. Li, O.A. Abdelrahman, G. Kumar, M. Tsapatsis, D.G. Vlachos, S. Caratzoulas, P.J.
Dauenhauer, Dehydra-Decyclization of Tetrahydrofuran on H-ZSM5: Mechanisms, Pathways, and
Transition State Entropy, ACS Catalysis, 9 (2019) 10279-10293.
[117] Y.C. Zhang, S. Davison, R. Brusasco, Y.T. Qian, K. Dwight, A. World, Preparation and
characterization of tetragonal ZrO2, Journal of the Less Common Metals, 116 (1986) 301-306.
[118] C. Wang, X. Mao, J. Lee, T. Onn, Y.-H. Yeh, C. Murray, R. Gorte, A Characterization Study
of Reactive Sites in ALD-Synthesized WOx/ZrO2 Catalysts, Catalysts, 8 (2018) 292-306.
[119] S. Maduskar, A.R. Teixeira, A.D. Paulsen, C. Krumm, T.J. Mountziaris, W. Fan, P.J.
Dauenhauer, Quantitative carbon detector (QCD) for calibration-free, high-resolution
characterization of complex mixtures, Lab Chip, 15 (2015) 440-447.
[120] F. Lin, Y.-H.C. Chin, Catalytic Pathways and Kinetic Requirements for Alkanal
Deoxygenation on Solid Tungstosilicic Acid Clusters, ACS Catalysis, 6 (2016) 6634-6650.
[121] Y. Yang, F. Lin, H. Tran, Y.-H.C. Chin, Butanal Condensation Chemistry Catalyzed by
Brønsted Acid Sites on Polyoxometalate Clusters, ChemCatChem, 9 (2017) 287-299.
[122] S. Hočevar, J. Batista, V. Kaučič, Acidity and Catalytic Activity of MeAPSO-44 (Me = Co,
Mn, Cr, Zn, Mg), SAPO-44, AIPO4-5, and AIPO4-14 Molecular Sieves in Methanol Dehydration,
Journal of Catalysis, 139 (1993) 351-361.
[123] D.M. Sung, Y.H. Kim, E.D. Park, J.E. Yie, Correlation between acidity and catalytic activity
for the methanol dehydration over various aluminum oxides, Research on Chemical Intermediates,
36 (2010) 653-660.
[124] R.T. Carr, M. Neurock, E. Iglesia, Catalytic consequences of acid strength in the conversion
of methanol to dimethyl ether, Journal of Catalysis, 278 (2011) 78-93.
[125] E. Dumitriu, V. Hulea, I. Fechete, C. Catrinescu, A. Auroux, J.-F. Lacaze, J.-F. Lacaze, Prins
condensation of isobutylene and formaldehyde over Fe-silicates of MFI structure, Applied
Catalysis A: General, 181 (1999) 15-28.
[126] E. Dumitriu, T.-O. Do, S. Kaliaguine, Isoprene by Prins Condensation over Acidic Molecular
Sieves, Journal of Catalysis, 170 (1997) 150-160.
[127] S. Wang, E. Iglesia, Mechanism of Isobutanal–Isobutene Prins Condensation Reactions on
Solid Brønsted Acids, ACS Catalysis, 6 (2016) 7664-7684.
[128] C. Lin, A.C. Foucher, Y. Ji, C.D. Curran, E.A. Stach, S. McIntosh, R.J. Gorte, “Intelligent”
Pt Catalysts Studied on High-Surface-Area CaTiO3 Films, ACS Catalysis, 9 (2019) 7318-7327.
[129] S. Sharma, S. Hilaire, J.M. Vohs, R.J. Gorte, H.W. Jen, Evidence for Oxidation of Ceria by
CO2, Journal of Catalysis, 190 (2000) 199-204.
[130] K. Pokrovski, K.T. Jung, A.T. Bell, Investigation of CO and CO2 Adsorption on Tetragonal
and monoclinic zirconia, Langmuir, 17 (2001) 4297-4303.
[131] K.T. Jung, A.T. Bell, Effects of zirconia phase on the synthesis of methanol over zirconiasupported copper, Catalysis Letters, 80 (2002) 63-68.
[132] E.I. Kauppi, K. Honkala, A.O.I. Krause, J.M. Kanervo, L. Lefferts, ZrO2 Acting as a Redox
Catalyst, Topics in Catalysis, 59 (2016) 823-832.

176

[133] D.K. Schneiderman, M.A. Hillmyer, 50th Anniversary Perspective: There Is a Great Future
in Sustainable Polymers, Macromolecules, 50 (2017) 3733-3749.
[134] D.F. de Andrade, D.R. Fernandes, J.L. Miranda, Methods for the determination of conjugated
dienes in petroleum products: A review, Fuel, 89 (2010) 1796-1805.
[135] Y. Ji, A. Lawal, A. Nyholm, R.J. Gorte, O.A. Abdelrahman, Dehydra-decyclization of
tetrahydrofurans to diene monomers over metal oxides, Catalysis Science & Technology, 10 (2020)
5903-5912.
[136] F. Lin, Y. Yang, Y.-H. Chin, Kinetic Requirements of Aldehyde Transfer Hydrogenation
Catalyzed by Microporous Solid Brønsted Acid Catalysts, ACS Catalysis, 7 (2017) 6909-6914.
[137] O.A. Abdelrahman, K.P. Vinter, L. Ren, D. Xu, R.J. Gorte, M. Tsapatsis, P.J. Dauenhauer,
Simple quantification of zeolite acid site density by reactive gas chromatography, Catalysis Science
& Technology, 7 (2017) 3831-3841.
[138] P.E. BLÖCHL, C.J. FÖRST, S. J., Projector augmented wave method ab initio molecular
dynamics with full wave functions, Bulletin of Materials Science, 26 (2003) 33-41.
[139] M. Ernzerhof, G.E. Scuseria, Assessment of the Perdew–Burke–Ernzerhof exchangecorrelation functional, Journal of Chemical Physics, 110 (1999) 5029-5036.
[140] V.V. Anisimov, J. Zaanen, O.K. Andersen, Band theory and Mott insulators: Hubbard U
instead of Stoner I, Physical Review B, 44 (1991) 943-954.
[141] H.-Y.T. Chen, S. Tosoni, G. Pacchioni, Adsorption of Ruthenium Atoms and Clusters on
Anatase TiO2 and Tetragonal ZrO2(101) Surfaces: A Comparative DFT Study, The Journal of
Physical Chemistry C, 119 (2014) 10856-10868.
[142] A.D. Becke, E.R. Johnson, A density-functional model of the dispersion interaction, J Chem
Phys, 123 (2005) 154101.
[143] G. Henkelman, H. Jo´nsson, A dimer method for finding saddle points on high dimensional
potential surfaces using only first derivatives, Journal of Chemical Physics, 111 (1999) 7010-7022.
[144] S. Grimme, Supramolecular binding thermodynamics by dispersion-corrected density
functional theory, Chemistry, 18 (2012) 9955-9964.
[145] Y.-P. Li, J. Gomes, S. Mallikarjun Sharada, A.T. Bell, M. Head-Gordon, Improved ForceField Parameters for QM/MM Simulations of the Energies of Adsorption for Molecules in Zeolites
and a Free Rotor Correction to the Rigid Rotor Harmonic Oscillator Model for Adsorption
Enthalpies, The Journal of Physical Chemistry C, 119 (2015) 1840-1850.
[146] R.A. Schoonheydt, B.M. Weckhuysen, Editorial highlight: molecules in confined spaces,
Phys Chem Chem Phys, 11 (2009) 2794-2798.
[147] Q. Liu, X. Liu, B. Li, Base-Metal-Catalyzed Olefin Isomerization Reactions, Synthesis, 51
(2019) 1293-1310.
[148] S. Kundu, T.W. Lyons, M. Brookhart, Synthesis of Piperylene and Toluene via Transfer
Dehydrogenation of Pentane and Pentene, ACS Catalysis, 3 (2013) 1768-1773.
[149] A. Kumar, J.D. Hackenberg, G. Zhuo, A.M. Steffens, O. Mironov, R.J. Saxton, A.S.
Goldman, High yields of piperylene in the transfer dehydrogenation of pentane catalyzed by pincerligated iridium complexes, Journal of Molecular Catalysis A: Chemical, 426 (2017) 368-375.

177

[150] C. Lin, X. Mao, T. Onn, J. Jang, R. Gorte, Stabilization of ZrO2 Powders via ALD of CeO2
and ZrO2, Inorganics, 5 (2017).
[151] I.S. Kim, R.T. Haasch, D.H. Cao, O.K. Farha, J.T. Hupp, M.G. Kanatzidis, A.B. Martinson,
Amorphous TiO2 Compact Layers via ALD for Planar Halide Perovskite Photovoltaics, ACS Appl
Mater Interfaces, 8 (2016) 24310-24314.
[152] T. Onn, R. Küngas, P. Fornasiero, K. Huang, R. Gorte, Atomic Layer Deposition on Porous
Materials: Problems with Conventional Approaches to Catalyst and Fuel Cell Electrode
Preparation, Inorganics, 6 (2018).
[153] S. Roy, G. Mpourmpakis, D.-Y. Hong, D.G. Vlachos, A. Bhan, R.J. Gorte, Mechanistic Study
of Alcohol Dehydration on γ-Al2O3, ACS Catalysis, 2 (2012) 1846-1853.
[154] M. Chen, W. Lu, H. Zhu, L. Gong, Z. Zhao, Y. Ding, Dehydration of Long-Chain n-Alcohols
to Linear α-Olefins Using Sodium-Modified γ-Al2O3, Industrial & Engineering Chemistry
Research, 59 (2020) 4388-4396.
[155] C. Lin, A.C. Foucher, Y. Ji, E.A. Stach, R.J. Gorte, Investigation of Rh–titanate (ATiO3)
interactions on high-surface-area perovskite thin films prepared by atomic layer deposition, Journal
of Materials Chemistry A, 8 (2020) 16973-16984.
[156] M.Tikhov, G.Boishin, L.Surnev, Sodium adsorption on a Si(001)-(2 × 1) surface, Surface
Science, 241 (1991) 103-110.
[157] M. Martinelli, J.D. Castro, N. Alhraki, M.E. Matamoros, A.J. Kropf, D.C. Cronauer, G.
Jacobs, Effect of sodium loading on Pt/ZrO2 during ethanol steam reforming, Applied Catalysis A:
General, 610 (2021).
[158] Y. Toda, T. Ohnob, F. Hatayama, H. Miyata, Effect of sodium addition to V2O5ZrO2
catalysts on their acidic properties, surface structures and propan-2-ol reactions, Applied Catalysis
A: General, 207 (2001) 273-280.
[159] N. Yamamoto, S. Sato, R. Takahashi, K. Inui, Synthesis of 3-buten-1-ol from 1,4-butanediol
over ZrO2 catalyst, Journal of Molecular Catalysis A: Chemical, 243 (2006) 52-59.
[160] J.T. Kozlowski, R.J. Davis, Sodium modification of zirconia catalysts for ethanol coupling
to 1-butanol, Journal of Energy Chemistry, 22 (2013) 58-64.
[161] T. Otroshchenko, S. Sokolov, M. Stoyanova, V.A. Kondratenko, U. Rodemerck, D. Linke,
E.V. Kondratenko, ZrO2 -Based Alternatives to Conventional Propane Dehydrogenation Catalysts:
Active Sites, Design, and Performance, Angew Chem Int Ed Engl, 54 (2015) 15880-15883.
[162] T. Otroshchenko, O. Bulavchenko, H.V. Thanh, J. Rabeah, U. Bentrup, A. Matvienko, U.
Rodemerck, B. Paul, R. Kraehnert, D. Linke, E.V. Kondratenko, Controlling activity and selectivity
of bare ZrO2 in non-oxidative propane dehydrogenation, Applied Catalysis A: General, 585 (2019).
[163] Y. Zhang, Y. Zhao, T. Otroshchenko, S. Han, H. Lund, U. Rodemerck, D. Linke, H. Jiao, G.
Jiang, E.V. Kondratenko, The effect of phase composition and crystallite size on activity and
selectivity of ZrO2 in non-oxidative propane dehydrogenation, Journal of Catalysis, 371 (2019)
313-324.
[164] N. Jeon, H. Choe, B. Jeong, Y. Yun, Cu-promoted zirconia catalysts for non-oxidative
propane dehydrogenation, Applied Catalysis A: General, 586 (2019).

178

[165] S.T. Srinivasan, C.R. Narayanan, A.I. Biaglow, R.J. Gorte, A.K. Datye, The role of sodium
and structure on the catalytic behavior of alumina: I. Isopropanol dehydration activity, Applied
Catalysis A: General, 132 (1995) 271-287.

179

